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ABSTRACT
OPTIMIZATION OF PCB DECHLORINATION WITH PALLADIZED 
MAGNESIUM IN MARINE AND FRESHWATER SEDIMENTS
By
Irina Calante 
University of New Hampshire, September, 2006
Polychlorinated biphenyls (PCBs) are one of the most persistent and toxic 
pollutants in our environment today. Many rivers and lakes were heavily polluted 
with PCBs during the 1970s when their use and production was at their highest 
demand. Today, more than 30 years after they have been banned from 
production they continue to be one of the top priority contaminants. Their 
characteristic stability has made them very recalcitrant to physical, chemical and 
biological degradation. Remediation in soils and sediments are particularly more 
difficult due to the variability in the soil and sediment characteristics that affect 
how strongly PCBs are sorbed.
PCBs are one of the top priority contaminants not only because of the 
large quantities in the environment but their persistence and recalcitrance to 
degrade. They have been shown to cause many health effects in living 
organisms and humans, as well as they are considered a suspected carcinogen
xiv
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in humans. Although dredging is a solution it does not solve the problem of 
destroying the PCBs. The overall goal of this research is to develop an 
alternative economic remediation solution that actually chemically destroys the 
PCBs in sediments. Several studies have reported the dechlorination of PCBs 
with zero valent metals, in particular with palladized magnesium (Mg/Pd) where 
the magnesium is the reducer and palladium a catalyst. The objectives for this 
thesis focused on optimizing the dechlorination of PCBs with Mg/Pd in sediments 
by minimizing mass Mg/Pd added, minimizing reaction time, using solvents to 
improve dechlorination, and enhancement of Mg/Pd and PCB contact. Three 
contaminated sediments that had been aged with PCBs for numerous years were 
used from the following sources: New Bedford Harbor (NBH), MA; Housatonic 
River (HSR), MA; and Hudson River, NY.
Desorption experiments were first conducted in order to evaluate whether 
PCB availability in the sediment would limit dechlorination by looking at the 
natural desorption of PCBs from aged sediments into water. PCB desorption 
from sediments was found to be highly influenced by sediment characteristics 
such as the organic content, aging, type of sediment and PCB concentration.
The NBH sediment had lower average percent PCB desorption of 6.2% than the 
HSR sediment’s of 24.8 %. However, NBH had greater organic matter and 
silt/clay content than the HSR, which contributed to the higher PCB sorption in 
the sediment. In general, higher chlorinated congeners were sorbed more 
strongly to the sediment than less chlorinated ones. For the HSR, congeners in 
the mono to tri homologs desorbed almost completely from the sediment.
xv
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Dechlorination rates greater than those of desorption were observed, indicating 
that for the majority of the PCBs dechlorination was not limited by desorption.
Dechlorination studies focused on minimizing the reaction time and Mg/Pd 
amount added to the sediments to achieve PCB removal. Kinetics experiments 
revealed that the dechlorination reaction was very rapid, with most of the 
dechlorination occurring within the first few hours and stabilizing after 24 hours. 
Congener specific analysis of treated samples showed that the highly chlorinated 
congeners, which were found to be highly sorptive in the desorption experiment, 
were dechlorinated and thus their sorption was not limiting dechlorination. The 
smallest mass of Mg/Pd able to achieve dechlorination greater than 50% was 
0.05g, which lowers the treatment cost as it is highly dependent on the amount of 
Mg/Pd.
Solvent experiments investigated the use of citrus-based and polar 
solvents to enhance dechlorination of PCBs in NBH sediment. The use of two 
nonpolar citrus based solvents, d-limonene and Citrus Burst 2, proved to be 
inefficient in increasing PCE5 dechlorination when compared to using water. This 
was due primarily to their loss during the dechlorination reaction and their 
inability to desorb the PCBs from the wet sediment. Within the polar solvents, 
methanol achieved greater dechlorination than methylene chloride, acetone and 
even samples with water. Methanol’s higher dechlorination was attributed to its 
interaction with both the sediment mineral sites and the PCBs as well as not 
evaporating during the dechlorination reaction.
xvi
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Mixing was found to be one of the key factors in optimizing dechlorination 
both in distributing the Mg/Pd within the sediment and in combining the Mg/Pd, 
water and sediment together. The effects of mixing were studied by comparing 
vigorously mixing Mg/Pd, water and sediment once and leaving it static, versus 
continuously shaking it for the duration of the experiment. No significant 
difference was found between the static and shaken samples indicating that 
initial vigorous mixing may be sufficient to achieve high levels of dechlorination. 
Since dechlorination kinetics are rapid it is important to introduce the Mg/Pd 
evenly throughout the sediment to allow as much PCBs to contact the Mg/Pd.
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CHAPTER 1
INTRODUCTION
1.1. PCBs in the Environment
Polychlorinated biphenyls (PCBs) are one of the most persistent 
contaminants found today in the environment. They were first commercially 
produced as complex mixtures in 1929 for a wide range of applications. PCBs’ 
stable properties, including chemical stability, low flammability, electrical 
insulating properties, low water solubility and vapor pressures, made them very 
useful for applications such as capacitor and transformer fluids, heat transfer 
fluids, and additives in paints, pesticides, copying paper, sealants and plastics. 
PCB mixtures are colorless viscous liquids with very low water solubilities and 
vapor pressures making them very hydrophobic. It is these same properties that 
also make them very persistent in the environment and very difficult to degrade.
Approximately 1.25 billion pounds of PCBs were produced in the United 
States through 1976. Increasing awareness of PCB toxicity and environmental 
contamination lead to the 1976 Toxic Substances Control Act (TSCA), which 
regulated all aspects of PCB manufacturing, distribution, use and disposal. 
These regulations were further revised and expanded in 1979 to include the ban 
of PCB manufacturing, processing, distribution and use (Erickson, 1997).
1
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Although PCBs began to be banned almost 30 years ago, their wide use, 
disposal and recalcitrance to degradation have made PCBs ubiquitous in the 
environment.
The proximity of PCB manufacturing plants to waterways such as lakes 
and rivers, as well as their hydrophobicity, has made soils and sediment one of 
the major sinks for PCBs (Erickson, 1997). However, atmospheric transport and 
deposition counts for the primary global mode of PCB transportation (Erickson, 
1997). Once in the sediment PCBs have been found to have long residence 
times due to their slow equilibration kinetics and high sorption to the organic 
matter (Huang et al., 1997). Their strong sorption, especially of higher 
chlorinated congeners, is characterized by their high octanol-water partitioning 
coefficients which measure the preferential partitioning of compounds into 
organic constituents from water.
PCBs’ ubiquitous presence in the environment, as well as their 
recalcitrance and hydrophobicity, has made them highly bioaccumulative in the 
food chain. Humans have been exposed through this means by their 
consumption of different seafoods. Higher concentration exposures have 
resulted from workers exposed to contaminated sites and by handling products 
containing PCBs at manufacturing facilities.
2
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.1.1. PCB Remediation Technologies
There are many technologies available for the remediation of PCBs, which 
can be categorized into three areas: separation, solidification/stabilization and 
destruction (Erickson, 1997).
Separation technologies include solvent extraction, soil washing, thermal 
desorption, dredging and capping. Solvent extractions and soil washing are ex 
situ processes that require the contaminated soil to be excavated first before 
addition of solvents since some solvents may not be environmentally safe 
(Erickson, 1997). Dredging is one of the most commonly used remediation 
technique for PCB contaminated sediment because of its feasibility for large 
scale treatment and is a well established procedure. However, dredging has 
been shown to resuspend the contaminated sediment into the water column 
where it can be redistributed to other sediment locations (Je et. al., 2004). Also, 
dredging does not destroy the PCBs but simply displaces them. Dredged 
material is typically handled by deep ocean disposed or in hazardous waste 
landfills for sediments with high PCB concentrations. Capping is the isolation of 
the contaminant by application of a clean soil layer on top of the contaminated 
sediment. In this technology the integrity of the cap is a major concern since 
anything that may destroy or break it can increase the risk of availability of the 
contaminated sediment into the environment.
Solidification/stabilization technologies such as chemical fixation are most 
feasible for contaminated sites with lower concentrations at large volumes 
(Erickson, 1997). These treatments limit the contaminant’s mobility by either
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hardening or encapsulating the soil to prevent leaching (Erickson, 1997).
Overall, stabilization processes generate more waste volume which also needs 
to be treated and disposed (Erickson, 1997).
Destruction technologies include incineration, vitrification, biodegradation 
and chemical dechlorination. Several thermal destruction technologies exists 
such as incineration, pyrolysis and vitrification. In incineration one of the main 
concerns is the formation of incomplete combustion products such as 
polychlorinated dibenzofurans (PCDFs) which are also considered to be highly 
toxic (Erickson, 1997). Pyrolysis involves high temperatures to degrade PCBs in 
reducing conditions. Vitrification was originally used to immobilize heavy metals 
and radionuclides into a glassy states but it is able to destroy PCBs by desorbing 
them from the soil where they are combusted in contact with air and high 
temperatures (Erickson, 1997). However, high organic soils may not be 
favorable for this treatment because sandy soils with less than 10% total 
organics are needed to provide silica for the glass (Erickson, 1997). 
Biodegradation by aerobic and anaerobic processes has been shown to occur 
where the aerobic microorganisms dechlorinate lower chlorinated congeners and 
anaerobic microorganisms the highly chlorinated PCBs (Mulligan et at., 2004). 
However, many factors can affect this remediation treatment including lack of 
contact between the organisms and PCBs, formation of more toxic byproducts, 
and either excess or insufficient nutrient addition.
A less controlled form of biodegradation is natural attenuation which is the 
use of natural processes to contain the spread of contamination and reduce the
4
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concentration and amounts of pollutants at contaminated sites (Mulligan et al., 
2004). It is mainly used to manage contamination by fuels but has been used 
recently to treat chlorinated hydrocarbons (Mulligan et al., 2004). Some 
advantages include complete contaminant destruction, and can be combined 
with other remediation methods as a pre- or post- treatment significantly reducing 
remediation costs (Mulligan et al., 2004). Its disadvantages are long remediation 
times, lack of knowledge regarding the mechanisms for remediation, substantial 
monitoring, low public acceptance, and careful evaluation of contaminant release 
modeling data which may be subject to significant uncertainty (Mulligan et al., 
2004).
More recently PCBs have been shown to dechlorinate chemically with the 
addition of zero valent metals such as iron. Initially, partial dechlorination of 
PCBs was achieved in water at ambient temperatures with nanoscale iron but the 
addition of palladium to the iron as a catalyst has been shown to achieve higher 
dechlorination (Hinz et al., 2000). It was found that the addition of the palladium 
catalyst increased the rate of the dechlorination reaction (De Windt et al., 2005). 
PCB dechlorination with palladized iron has also been shown in soil extracts 
(Korte et al., 2002). The dechlorination is more efficient with a combination of the 
metal and the catalyst because of the thermodynamic force associated with the 
metal corrosion and the catalytic hydrogenation of the palladium (Engelmann et 
al., 2003). However, a much higher and rapid dechlorination has been shown 
using bimetallic Mg/Pd particles (Engelmann et al., 2003). The magnesium has a 
much higher reducing potential of E° = -2.022 V (Doyle et al., 1998). The
5
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development of a rapid chemical treatment technology to dechlorinate PCBs in 
sediments would be beneficial as it would destroy PCBs without removing the 
sediments.
1.1.2. Dechlorination with Mg/Pd
Dechlorination is a redox reaction where electron(s) are exchanged 
between reactant molecules resulting in the release of chlorine from the PCB 
molecule (McMurry & Fay, 1998). The reactants in this case are water, PCBs 
and Mg/Pd where the Pd acts simply as a catalyst. A catalyst is a substance 
that increases rates of reaction without being consumed and thus can be 
recovered unchanged after the reaction is completed (McMurry & Fay, 1998). 
Catalysts lower reaction temperatures and increase rate of reaction allowing a 
new lower energy pathway for the reaction, by either its larger frequency factor A 
or its smaller activation energy Ea in the Arrhenius equation (equation 1.1),
k  =  A e Ea/RT (Equation 1.1)
where k is the rate constant; A is the frequency factor; -Ea is the activation 
energy; R is the gas constant and T is temperature (McMurry & Fay, 1998). 
Catalysts don’t affect the reaction equilibrium because they increase the rate of 
forward and reverse reactions by the same amount (McMurry & Fay, 1998).
Two hypothesized dechlorination reactions can occur: (1) direct contact of 
Mg/Pd with the PCBs, and (2) catalyzed hydrogenolysis. In the first reaction the 
Mg corrosion with water transfers the Mg’s two available electrons to the chlorine 
in the PCB (Choe et al., 2001). The chlorine has a much higher electron affinity
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o f-348.6 kJ/mol than the Mg's of nearly zero and thus can easily remove the 
Mg’s electrons. The gain of an electron by the chlorine is more favorable than 
the bond to the benzene ring and thus the ionic chlorine is released. The newly 
free benzene site is quickly occupied by a hydrogen ion from the water (see 
Equation 1.2). The substitution of all the chlorines in the PCB with hydrogen ions 
yields a biphenyl molecule, which is hypothesized as a byproduct of 
dechlorination (Choe et al., 2001, Hinz et al., 2000).
M g °  ------- > M g 2+ +  2e~
s *  Equation 1.2
R-Cl + H + + 2e - Pd- > R -H  +  CI~
The second reaction, catalyzed hydrogenolysis, is a stepwise 
dechlorination of the PCB by hydrogen gas (Equation 1.3). First the magnesium 
is oxidized in the presence of water where the two released electrons neutralize 
two hydrogen ions that combine to form hydrogen gas. The gas then contacts 
the PCB where the more electron negative chlorine removes one of its electrons. 
The stabilized chlorine releases itself from the biphenyl molecule while the other 
hydrogen takes its place.
Mg° +  2H 20  — — ^  Mg2+ + H 2 + 2O H  
H 2 +  R -C l — R -H  +  H + +  Cl~
(Equation 1.3)
1.2. Thesis Objectives
The main goal of this research project is to investigate an alternative 
remediation technology that involves the destruction of PCBs in sediment by 
chemical treatment. The research objectives will focus on the optimization of
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PCB degradation in marine and freshwater sediments by dechlorination using 
Mg/Pd. The optimization will be categorized in four parts: minimizing Mg/Pd 
addition, minimizing reaction time, addition of solvent to increase aqueous PCB 
concentrations, and enhancing Mg/Pd contact with the PCBs in the sediment.
One of the main factors for dechlorination is the availability of the PCBs in 
the sediment particles to react with the Mg/Pd. PCB contaminated aged 
sediment will be used instead of fresh sediment spiked with PCBs in order to 
imitate a more realistic treatment scenario by avoiding the concern that spiked 
PCBs may not distribute into the solids in the sediment in the same manner as 
ones aged with the sediments (Lohmann et al., 2005). In sediments that have 
been aged with PCBs the PCBs tend to be strongly bound within the matrix of the 
sediment and thus are more difficult to reach and desorb.
The first experiment will study the sorptive strength of PCBs to the 
sediment by looking at PCB desorption from the sediment into the aqueous 
phase to determine whether desorption is limiting dechlorination and if so to what 
extent. If the rate of desorption is greater than the rate of dechlorination and the 
PCBs must desorb first from the sediment in order to react with the Mg/Pd, then 
the dechlorination rate will be dependent on the rate of desorption. If 
dechlorination can occur at a faster rate than desorption, such as by the direct 
contact of the Mg/Pd with the sorbed PCB, then dechlorination will be limited by 
desorption only for the most highly sorbed PCBs molecules within the inner most 
part of the sediment particles.
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The effect of time and mass of Mg/Pd on dechlorination will be studied 
through several dechlorination kinetic experiments. The dechlorination kinetics 
will be initiated by the addition of zero valent Mg/Pd into sediment slurry. The 
Mg/Pd is produce by NASA and is composed of 4pm magnesium particles 
coated with 0.01 percent by weight of palladium. Dechlorination studies will 
focus on minimizing the reaction time and Mg/Pd amount added to the sediments 
while still achieving dechlorination. The first experiments will be conducted at 
time periods in the range of days with time reduced to hours in subsequent 
experiments. The dechlorination reaction must be allotted enough time to occur 
but may be limited by the Mlg/Pd. Different Mg/Pd masses will be added with the 
objective of finding a minimum amount that can achieve high dechlorination.
The use of solvents is hypothesized to increase dechlorination by 
desorbing highly sorbed PCBs from the sediment into a labile phase where they 
may contact the Mg/Pd for dechlorination. Two types of solvents will be 
investigated, polar and nonpolar. Nonpolar solvents are expected to desorb the 
nonpolar PCBs better than polar solvents. Several studies reported that the 
application of terpenes to sediments increased PCBs dechlorination by 
organisms (Tandlich et al., 2001). Two nonpolar citrus-based solvents, d- 
limonene and Citrus Burst 2, will be investigated to see if similar dechlorination 
efficiencies could be replicated using Mg/Pd. D-limonene is derived from orange 
peel oil and contains mostly terpenes and other hydrocarbons and oxygenated 
compounds. Citrus Burst 2 contains citrus terpenes as well as a nonionic 
surfactant. The polar solvents acetone, methylene chloride and methanol will
9
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also be investigated to see if the change in polarity will result in greater 
dechlorination.
Contact enhancement between the Mg/Pd and the PCBs in the sediment 
will be investigated by improving sediment homogeneity and Mg/Pd distribution in 
the sediment. Sediment composition and organic content can affect the PCB 
distribution within the sediment which can result in sediment areas with higher 
concentrations than others. PCB heterogeneity can affect results by making it 
more difficult to estimate the initial PCB concentration when calculating 
dechlorination. Different mixing techniques will be investigated to homogenize 
sediment and to improve dechlorination by looking at whether continuous mixing 
is necessary during treatment. For dechlorination to occur the Mg/Pd particle 
must contact the PCBs in the sediment and thus different methods of introducing 
the Mg/Pd into the sediment will be evaluated.
10
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CHAPTER 2
LITERATURE REVIEW
A literature review based on numerous journal articles and books is 
presented herein to better understand PCB properties, their behavior in the 
environment and with other constituents. The following five sections are 
presented: PCB background, dechlorination, sorption and desorption, soil, and 
solvents and terpenes.
2.1. PCB Chemistry
PCBs are mixtures of synthetic organic chemicals. A PCB molecule is 
composed of chlorines attached to a biphenyl molecule with the chemical formula 
C i2Hio-nCln, where “n” denotes 1 to 10 chlorines (Figure 3.1). Different 
combinations in chlorine numbers and positions make a total of 209 different 
PCBs called congeners. Congeners are characterized as clear odorless crystals, 
while their mixtures are clear viscous liquids where the higher the chlorination the 
more viscous the mixture (EErickson, 1997). There are two common ways when 
referring a to specific PCB congener, the chemical name and the Ballschmiter 
and Zell number (BZ #) (Erickson, 1997). The chemical name consists of 
numbers separated by commas that identify the chlorine position on the biphenyl
11
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(Figure 1). This is followed by the word chlorobiphenyl with the prefix mono, di, 
tri, tetra, penta, hexa, hepta, octa, nona or deca which denotes the total number 
of chlorines. The biphenyl molecule has three main positions that ions can 
attached called ortho, meta and para (Figure 1). Each of the ten available ion 
sites is denoted from numbers 2 to 6. Numbers 2 and 6 correspond to the ortho 
positions, 3 and 5 correspond to the meta position, and number 4 to the para 
position. Ions attached on the right side of biphenyl are denoted as primes, for 
example 3’. The BZ numbers are organized in ascending congener numeric 
order ranging from 1 to 209. For example PCB 3,3’,4,4’,5,5’-hexachlorobiphenyl 
is the same as BZ #169. Congeners can be further classified into 10 groups 




Figure 2.1. Chemical structure of a polychlorinated biphenyl molecule.
Monsanto Corporation was one of the main manufacturers of PCBs 
producing them in mixtures of different congeners depending on their designed 
use as dielectric fluids in capacitors and transformers, pesticides, plasticizers or 
many other applications. These mixtures were called Aroclors and were 
classified by a four digit number. The first two digits represent the 12 carbon 
atoms in the biphenyl molecule. The last two numbers describe the chlorine
12
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
content in percent by weight. For example Aroclor 1221 has 12 carbon atoms 
and is 21 percent chlorine by weight. Aroclor 1016 is the only exception to this 
naming convention with 41 percent chlorine atoms by weight.
2.1.2. PCB Toxicity
PCBs have been shown to cause acute, chronic, carcinogenic and non- 
carcinogenic health effects in animals and are considered probable human 
carcinogens (Erickson, 1997). Cancerous effects such as rare liver cancers and 
malignant melanomas have been found in both animals and PCB exposed 
workers. Studies have shown that PCBs can pose serious non-carcinogenic 
health effects to the immune, reproductive, nervous and endocrine systems that 
include decrease resistance to infections, decreased birth weight, deficits in 
neurological development and liver toxicity (Erickson, 1997).
Toxicological effects are also related to the PCB structures, especially 
those containing non-ortho chlorines or a single ortho-chlorine (Erickson, 1997). 
These structures can assume a co-planar configuration resembling that of 
2,3,7,8-TCDD dioxin, which is known as the most toxic substance (Erickson,
1997). The carcinogenicity of dioxins and PCBs have been demonstrated in 
animals and extrapolated to humans by evidence that it occurs through the same 
mechanisms in humans and animals (Erickson, 1997). However, no concrete 
proof exists to prove this theory and thus PCBs remain as suspected 
carcinogens (Erickson, 1997).
13
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PCBs with chlorines attached at meta and para positions are considered 
to be the most toxic because it allows the molecule have a planar configuration, 
which is 2 dimensional rather than 3 dimensional. Coplanar conformation is due 
to the lack of steric hindrance of ortho-chlorines (without chlorines in the 2,2’,6,6’ 
positions) and can elicit dioxin-like effects on in vitro bioassay systems (Erickson,
1997). Dioxin-like PCBs are also those with two chlorines at right angles to each 
other. Table 2.1 shows a list of coplanar PCBs.
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2.2. PCB Dechlorination
An emerging treatment method that has promising potential for PCB 
contaminated sediment is the use of zero valent metals (ZVM) to degrade PCBs 
by chemical oxidation. Several studies have already shown that PCB 
dechlorination reactions with zero valent iron (Choe et al., 2001; Chuang et al., 
1995; Lowry et al., 2004; Satapanajaru et al., 2003; Wang et al., 1997; Yak et al., 
2000) in pure systems and contaminated soil extracts occur readily (Korte et al.,
2002). There are several advantages of this chemical treatment. First, the PCBs 
are degraded into less toxic forms. Unlike dredging or capping, which isolates 
the contaminant but do not destroy it, chemical oxidation removes the chlorines 
from the biphenyl molecule. Other treatments, such as incineration, are energy 
intensive because of the elevated temperatures and pressures required but 
chemical dechlorination reactions have been shown to occur at room 
temperature and atmospheric pressure (Grittini et al., 1995). Costs of new 
material can be reduced because extracted metal can be acid-washed and 
reused for dechlorination after treatment (Grittini et al., 1995).
Many studies have been conducted with zero valent iron (ZVI), however, 
there has been a great variation in the results. Some studies indicate complete 
dechlorination of the PCBs into biphenyl (Doyle et al., 1998), whereas others 
show only partial sometimes no biphenyl formation (De Windt et al., 2005; 
Engelmann et al., 2003; Hinz et al., 2000). Improved dechlorination rates have 
been shown with the addition of catalysts such as palladium (Pd) to the metal 
(Wafo et al., 1997; De Windt et al., 2005; Engelmann et al., 2003; Grittini et al.,
15
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1995; Hinz et al., 2000; Kim et al., 2004; Korte et al., 2002; Liu et al., 1995;
Noma et al., 2003; Ukisu et al., 2004; Yang et al., 2006) versus using only the 
metal. The bimetallic dechlorination reaction is a combination of metal corrosion 
and hydrogenation of palladium (Engelmann et al., 2003). In the case of iron 
(Fe), the condition of the Fe can greatly affect the dechlorination of the PCBs 
(Grittini et al., 1995). Oxides formed on the surface of the Fe can reduce its 
reactivity thus limiting its dechlorination potential. Although Fe/Pd can achieve 
higher dechlorination rates than ZVI alone, dechlorination reaction is not 
complete and yields lower chlorinated congeners from highly chlorinated 
congeners (Engelmann et al., 2003). Recently, other bimetallics have shown 
higher dechlorination yields than Fe/Pd including palladized zinc (Kim et al.,
2004) and Mg/Pd (Engelmann et al., 2003). In particular, Mg/Pd is a very strong 
hydrodechlorination reagent and the reaction is very efficient as chlorine removal 
in only minutes has been shown to occur from highly concentrated chlorocarbons 
(Engelmann et al., 2003). The Mg has a much higher reducing force of E0 = - 
2.022 Volts than Fe (-0.44 Volts), and its reactivity is moderated by the hydrolysis 
of its ions on the metal surface (Doyle et al., 1998). The dechlorination reaction 
mechanisms are discussed in subsequent sections.
2.2.1. Dechlorination Mechanisms
In the dechlorination of PCBs with Fe, there are three major reductants: 
metallic iron, ferrous iron and hydrogen gas (Choe et al., 2001). Therefore, the 
three major reductive dechlorination mechanisms have been proposed for the
16
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dechlorination of PCBs. First, direct electrolytic reduction of the PCB at the metal 
surface coupled with oxidative dissolution of the metal, which is thought to be the 
most prominent of the three mechanisms (Chuang et al., 1995). Direct 
dechlorination was first proposed by Matheson and Tratnyek (1994) for the 
dehalogenation of chlorinated methane by iron metal, in which the contaminant is 
directly reduced by electrons (Hinz et al., 2000). In this reaction the PCBs are 
adsorbed to the metal surface by their strong affinity to the surface where 
dechlorination occurs (Grittini et al., 1995; Korte et al., 2002; Lowry et al., 2004; 
Wafo et al., 1997). The second reductive mechanism by dissolved ferrous ion 
(Fe2+) from the corrosion reaction is very slow and relatively small compared to 
the other two reactions (Choe et al., 2001; Chuang et al., 1995). The third 
reaction is induced by the hydrogen gas formed from the metal corrosion 
(Chuang et al., 1995; Choe et al., 2001). This was first proposed by Cheng et al., 
(1997) for reductive dehalogenation by catalyzed hydrogenolysis (Hinz et al.,
2000). A study by Wafo et al. (1997) showed reduced dechlorination when air 
was bubbled due to the competition between the H2 and N2 or 0 2 gases.
However, the hydrogen gas cannot reduce PCBs in the absence of catalyst 
(Choe et al., 2001). Wafo et al. (1997) also mentioned that another possible 
reduction mechanism with bimetallics is the oxido-reduction between Pd, Cl and 
0 2 in which experiments with air versus inert atmosphere showed higher 
dechlorination yields.
Regardless of the mechanism, the thermodynamic driving force for PCB 
dechlorination is the reactive metal corrosion (Doyle et al., 1998; Engelmann et
17
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al., 2003). In bimetals, the contact between the metal and catalyst enhances the 
reactivity of the system by galvanic corrosion, which is the electrical current 
generation by the chemical reaction (Engelmann et al., 2003). However, the 
chemical reaction cannot be initiated without the presence of water which is 
needed for the corrosion of the metal (Engelmann et al., 2003). Although 
sometimes organic solvents are combined with water to increase PCB solubility, 
especially for highly chlorinated congeners, Engelmann et al. (2003) showed that 
experiments with acetone alone did not exhibit dechlorination and that the 
dechlorination reaction was more reactive in pure aqueous solutions. Metal 
corrosion has been noted to be affected by the competitive sorption between the 
contaminant and reactive hydrogen on the metal and catalyst surface, and may 
explain the differences in the reaction rates between ZVM and bimetallic ZVM 
(Kim et al., 2000). The following is a more detailed analysis of catalysts, 
specifically Pd, and their effect on dechlorination.
2.2.2. Pd Catalyst
Dechlorination with palladized metals have been reported to be faster and 
even more complete, than with the metal alone over the same time period (Lowry 
et al., 2004). However, the reducing agent is the metal and thus there is no 
dechlorination when pure Pd is used (Wafo et al., 1997). The Pd simply actives 
the hydrogen allowing the metal to dechlorinate (De Windt et al., 2005). The Pd 
enhances the reductive dechlorination with the metal by collecting the hydrogen 
formed from the metal corrosion, which remains sorbed on the catalysts where it
18
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reacts with the PCBs (Grittini et al., 1995; Wafo et al., 1997; Yang et al., 2006). 
The Pd is able to absorb hydrogen into its lattice while maintaining high surface 
concentrations of hydrogen (Korte et al., 2002). Wafo et al. (1997) demonstrated 
that after the PCBs were reduced, hydrogen gas continued to form and cover the 
Pd surface. The reaction completion was indicated when the Pd surface was 
covered and excess hydrogen was released (Wafo et al., 1997). However, a 
decreased rate with time has been observed and may be due to palladium 
poisoning, damage to the Pd by reduced sulfur species as a result of sulfur- 
reducing bacteria utilizing naturally occurring sulfate, or accumulation of 
recalcitrant compounds (Korte et al., 2002). Although it has been reported that 
catalysts can affect reaction pathways in some reactions (Kim et al., 2004), 
others have not seen a selective catalytic effect towards specific PCB congeners 
(De Windt et al., 2005).
The use of palladized metals in soils and sediments is possible because 
catalytic activities are not suppressed by organic impurities (Engelmann et al., 
2003; Ukisu et al., 2004). However, the addition of Pd at a percent weight of 
0.05 to 0.25 can increase costs, while the longevity of rate enhancement is 
uncertain (Lowry et al, 2004). Therefore, the lowest level of Pd that can still 
effectively enhance PCB dechlorination is needed (Lowry et al., 2004).
2.2.3. Stepwise Dechlorination
PCB dechlorination has been proposed to occur in a stepwise fashion 
(Korte et al., 2002) dependent on the position of the chlorine on the PCB
19
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molecule (Kim et al., 2004; Noma et al., 2003). Several studies have shown that 
chlorines at the ortho positions are lost at a slower rate than meta and para 
positions (Kim et al., 2004; Noma et al., 2003). Chlorines at the para position (4 
and 4’) are lost first followed by meta chlorines (3, 3’, 5, 5’) and lastly ortho 
chlorines (2, 2’, 6, 6’) (Kim et al., 2004). The chlorine reactivity decreases from 
para to meta to ortho positions and varies with type of catalyst and degradation 
method (Noma et al., 2003). Although the presence of ortho chlorines may have 
a large effect on the dechlorination rate, hydrogenation dechlorination is not 
influence by total number of chlorines (Noma et al., 2003).
Kim et al. (2004) proposed that the dechlorination reaction is not 
completely governed by stepwise dechlorination and includes combined 
reactions, such as simultaneous dechlorination of ortho and meta positions, as 
well as the degradation pathway is specific to the compound (Kim et al., 2004). 
Liu et al. (1995) correlated the stepwise dechlorination based on the chlorine 
content rather than the position of the chlorine. The less negative the reduction 
potential, which becomes less negative as the number of chlorines increases, the 
faster the chemical reduction (Liu et al., 1995). Thus higher chlorinated 
congeners would dechlorinate quicker than lower chlorinated ones.
2.2.4. Dechlorination Byproducts
Complete PCB dechlorination yields two hypothesized byproducts: 
chlorine ions and biphenyl (Doyle et al., 1998; Kim et al., 2004; Lowry et al., 
2004). The biphenyl is more difficult to quantify. Several studies have observed
20
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the formation of biphenyl as the prominent reduction product indicating that the 
PCB degradation was in fact dechlorination (Doyle et al., 1998; Kim et al., 2004). 
Other studies, such as the direct treatment of PCBs in contaminated soil with the 
bimetallic, have shown lower biphenyl yields (Engelmann et al., 2003). Biphenyl 
yield has been reported to be affected by reactivity of the dechlorination reaction, 
the amount of Pd used, the organic solvent content, and the higher chlorinated 
PCBs the lower the biphenyl yield (Engelmann et al., 2003). Radicals, such as 
the chlorine radicals from dechlorination, have also been reported to degrade 
biphenyl into volatile compounds (Hinz et al., 2000).
2.3. PCB Sorption and Desorption
2.3.1. Sorption
Hydrophobic organic compounds’ (HOCs) fate and effects in the 
environment are largely determined by their sorption to solid phases such soils 
and sediments (Lohmann et al., 2005). Their recalcitrance to degrade whether 
biologically, chemically or physically is mainly due to their unavailability to 
microbes and chemicals as a result of their strong sorption to soils and 
sediments (Pignatello, 1998).
Sorption is a phase distribution process that accumulates solutes at
surfaces and interfaces known as adsorption, or from one phase to another
known as partitioning (Huang et al., 2003). Adsorption and partitioning
interactions include van der Waals forces (dispersion), dipole-dipole, dipole-
induced dipole and hydrogen bonding (Pignatello et al., 1996). The major
21
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thermodynamic driving force for HOC sorption to soils and sediments is 
hydrophobic interaction caused by the hydrophobic expulsion of the HOC from 
water (Huang et al., 2003; Pignatello et al., 1996). The adsorption process is 
driven by gain in entropy during the passage of organic material from the 
aqueous media to the sorbent (Rebhun et al., 1992). Oh the surface, the main 
interaction is by dispersion and weak dipolar forces (Pignatello et al., 1996).
Sorption and desorption involves a multi-step mass transfer of sorbate 
molecules across the solid-aqueous boundary and diffusion within the solid 
matrices (Huang et al., 2003). Small molecules adsorb and desorb 
instantaneously at the microscale level but large molecules, because they can 
interact simultaneously at multiple points, are more difficult to desorb (Pignatello 
et al., 1996). Large molecules can also experience steric hinderance which is 
the entrapment of the molecule in a pore due to the smaller pore opening size 
relative to the molecule.
2.3.2. Sorption Models
Sorption models are used to predict the sorptive behavior of molecules 
onto soils and can based on a single factor, called a linear model, or multiple 
factors. The most common linear partitioning model consists of a single 
parameter, the partitioning coefficient (KD):
q e = K DC e (Equation 2.1)
where qe and Ce are equilibrium soil-phase and aqueous-phase solute 
concentrations respectively (Huang et al., 2003). However, the sorption HOCs
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on soils is dependent on more factors than simply concentration. The most 
commonly used partitioning coefficient for HOC sorption on soils and sediments 
is the organic carbon partitioning coefficient K0c which describes hydrophobicity 
and is derived from the following equation:
K o c  =  K d I  fo e  (Equation 2.2)
where foe is the amount of organic carbon fraction in the soil. The Koc coefficient 
describes the compound’s hydrophobicity; the greater the K0c the more 
hydrophobic the compound and the higher its affinity towards soil organic matter 
(SOM). However, this model is based on the hypothesis that SOM is an 
amorphous gel/liquid-like phase with unlimited sites for HOC molecules to sorb 
as the solute concentration increases (Huang et al., 2003). SOM has a limited 
sorption capacity due to its rigid structure which renders it low flexibility to 
accommodate sorbing molecules as the solute concentration increases (Huang 
et al., 2003). The Langmuir model describes such site-limited sorption 
equilibrium in the following equation:
_ Q'bC,
Qe 7TT (Equation 2.3)l  +  oCe
where Q° is the maximal sorption capacity and b is a solute-surface interaction 
energy-related parameter (Huang et al., 2003). However, this model is not 
appropriate for HOC sorption by soils and sediments as it strictly applies to 
adsorbents with homogeneous surface energies for interacting with adsorbates 
(Huang et al., 2003). The Freundlich model (Equation 2.4) is the most commonly 
used model for HOC sorption equilibria for soils and sediments because it
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represents different number of sites each having its own sorption site energy 
exhibiting a capacity limited adsorption quantified by the Langmuir equation 
(Huang et al., 2003).
q e ~ ^ F ^ e  (Equation 2.4)
where Kf and n are the Freundlich model capacity factor and isotherm linearity 
parameter, respectively (Huang et al., 2003).
2.3.3. Isotherm Nonlinearitv
Initially linear partitioning models were developed that described the 
sorption of HOCs from the aqueous phase as partitioning to a relatively 
homogeneous and amorphous, gel-like SOM phase (Huang et al., 2003). 
However, increasing studies over the years showed sorption-desorption 
hysteresis, very slow sorption-desorption rates, and isotherm nonlinear behavior 
(Huang et al., 2003). Nonlinearity is most visibly represent by the poor fit of 
linear models and better fits of nonlinear models such as the Freundlich model, 
and has been attributed to the physicochemical characteristics of the HOC and 
soil and sediment properties (Huang et al., 2003).
2.3.4. Slow Kinetics by Rate-Limited Sorption
Studies have shown that HOCs sorption kinetics to soils and sediments is 
slow and that HOCs reach equilibrium in two stages (Bucheli et al., 2003; 
Brusseau, 1992). The first stage is an initial short phase of rapid uptake/release
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where equilibrium is instantaneous (Brusseau, 1992, Bucheli et al., 2003). The 
second stage corresponds to the nonlinear behavior and is caused by an 
extended period of rate-limited sorption of slow uptake/release over days, 
months or even years (Bucheli et al., 2003; Brusseau et al., 1991, Pignatello et 
al., 1996). Three hypothesized causes for slow sorption are the slow fraction’s 
dependence on the initial applied concentration, activation energy of sorptive 
bonds and mass transfer limitations such as molecular diffusion (Pignatello et al., 
1996). The slower fraction becomes increasingly dominant as the sorbate 
concentration decreases (Pignatello et al., 1996). Sorption is kinetically 
hysteretic meaning that the slow state sorbs faster than it desorbs due to that the 
activation energy of desorption is normally greater than that of sorption from/to a 
specific site (Pignatello et al., 1996).
2.3.5. Rate Limited Sorption
Early studies revealed that sorption was significantly rate limited possibly 
due to a diffusion-limited mechanism (Brusseau et al., 1991). Diffusion-limited 
sorption has been proposed to be the most probable cause for nonequilibrium of 
HOCs (Brusseau et al., 1991). There are three main groups of mechanism for 
nonequilibrium: (1) transport-related nonequilibrium that results from 
heterogeneous soil/aquifer properties (e.g., hydraulic conductivity), (2) chemical 
nonequilibrium caused by rate-limited sorbate-sorbent interactions, and (3) 
intrasorbent diffusion occurring within the sorbent’s organic content and/or 
microporous mineral particles (Brusseau et al., 1991). Transport-related
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nonequilibrium is most likely not a factor in aquifers and sandy soils (Brusseau et 
al., 1991). Since HOCs’ low polarity sorb predominantly by solvophobic 
interactions they are unlikely to be constrained by rate-limited chemical reactions 
(Brusseau et al., 1991). Therefore, the most likely cause for rate-limited 
nonequilibrium is intrasorbent diffusion caused by the diffusion of the organic 
solute within the soil particle’s organic content and/or micropores (Brusseau et 
al., 1991).
2.3.6. Microporous Diffusion
Micropore diffusion can be correlated with heterogeneous sorption by the 
sorbent’s surface may represent the rapid equilibrium domain while the inner 
sorbent region (micropores) the rate-limited domain (Brusseau et al., 1991). 
Increasing molecular sorbate size is expected to hinder diffusion (Brusseau et al., 
1991; Erickson, 1997) by sorbate molecules may enlarge the pores of smaller 
sizes or penetrate nonporous regions creating pores (Huang et al., 2003). The 
molecular diffusion resistance within pores of relatively small sizes is much 
greater than within large pores due to severe hindrance by the pore walls (Huang 
et al., 2003; Pignatello, 1998). However, sorption of weakly polar compounds to 
SOM is predominant as long as the organic carbon fraction is above 0.01% of 
total soil mass which is very common and even deep aquifer have this amount of 
organic carbon (Pignatello, 1998). Thus, although mineral contribution to 
sorption is an addition source for nonequilibrium (Rebhun et al., 1992) the 
hindered diffusion is most likely due to sorption within SOM matrix. Even within
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the mineral matrix the intraparticle pores can occlude bits of SOM (Pignatello,
1998).
2.3.7. Dual-mode Sorption Mechanism
Pignatello (1998) further described that the SOM was the principal sorbent 
for the rate-limited sorption of the HOCs in soils and sediments by the dual-mode 
model. The model is based on the polymer theory in that it describes sorption to 
occur by a solid-phase dissolution and hole-filling mechanism based on SOM 
consisting of two domains analogous to those found in synthetic polymers 
(Krauss et al., 2005), rubbery (soft) and glassy (hard) (Pignatello, 1998).
The solid-phase dissolution occurs in the expanded/rubbery regions of the 
SOM and sorption here is weaker, linear, reversible and non-competitive 
(Pignatello, 1998). This sorption mechanism has predominantly been account as 
the only sorption mechanism in SOM (Pignatello, 1998) and can be described by 
linear isotherms (Tandlich et al., 2001). Hole-filling sorption mostly occurs in the 
condensed/glassy region of SOM where the rigidity of the humic structure 
creates sorption sites that are energetically distributed, limited in size and in 
number (Pignatello, 1998). This sorption is strong, nonlinear, competitive and 
partly irreversible (Pignatello, 1998) and can be described by nonideal sorption 
models (Tandlich et al., 2001). The total sorption S is the sum of the sorption 
dissolution domain S(D) and in the hole-filling domain S(H) as represented in the 
following equation:
S = S(D) + S(H) (Equation 2.5)
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Dual-mode sorption theory can explain the slow sorption kinetics by first, 
diffusion through the glassy region is always much slower than through the 
rubbery phase. The glassy region’s higher viscosity resists molecular motion and 
once sorbed in its nanopores the solute spends extra time sorbed (Pignatello,
1998). These internal nanopore structures provide specific sorption sites for 
organic compounds regardless of their polarity (Pignatello, 1998). Secondly, 
sorption may be sterically hindered at the void opening thus equilibrium approach 
is slow (Pignatello, 1998). The contribution of hole-filling domain to total sorption 
and model non-linearity has been shown to increase as equilibrium is 
approached and with increasing glassy density of the SOM respectively 
(Pignatello, 1998). Thus increased equilibrium time usually is an indication of 
large glassy density and corresponds to more non-linear and competitive 
sorption (Pignatello, 1998).
2.4.. Desorption Hysteresis
Biodegradability of persistent organic pollutants (POPs) like PCBs in soils 
is controlled by the rate and extent of desorption from the solid phase (Krauss et 
al., 2005). Desorption isotherms often have a higher capacity than its respective 
sorption isotherm where the distribution coefficient Kd for desorption is greater 
than that for sorption (Huang et al., 2003). Increased KD for desorption 
corresponds to a lowered chemical activity of the sorbed chemical thus reduced 
biological activity and decreased toxicity (Huang et al., 2003). Desorption is 
kinetically controlled by either the compound’s release from the sorption site or 
by diffusion through the sorbent to the aqueous phase (van Noort et al., 2003).
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The diffusion of sorbate molecules within the SOM matrix is usually extremely 
slow thus limiting the overall sorption and especially the desorption process 
(Huang et al., 2003, Pignatello, 1998). The disparity in isotherms has been 
referred to as desorption hysteresis where sorption equilibrium occurs at a faster 
rate than desorption thus desorption seems to never reach equilibrium. Major 
factors that characterize this desorption hysteresis are (1) mutiple desorption 
fractions; (2) aging effect; (3) sorbent particle size; and (4) dependence on the 
soil organic content (Gong et al., 1998 (I); Kukkonen et al., 2003)
2.4.1. Desorption fractions
Early desorption studies have shown desorption to consist of a major slow 
non-labile fraction following a fast releasing labile fraction (Gong et al., 1998(1) & 
references therein; Pignatello et al., 1996; van Noort et al., 2003). The rates 
between the two stages were very distinct such that the second stage was much 
slow than the first (Gong et al., 1998 (I)). In bimodal diffusion model the first 
rapid compartment assumes that equilibrium is reached instantaneously whereas 
the second slower compartment follows intra-particle diffusion (Gong et al., 1998 
(II)). The rapidly desorbing compartment is assumed to be located in the outer 
regions of the sediment particle which is in close contact with the aqueous phase 
(Cornelissen et al., 1997). Although the first phase is rapid to desorb, significant 
amount of PCBs have been shown to remain in the solid phase during this stage 
(Gong et al., 1998 (I)). Recent studies such as those by Ten Hulscher et al. 
(1999) and Kukkonen et al. (2003) have shown triphasic desorption stages.
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Unlike previous desorption studies that characterized desorption hysteresis into 
two compartments, fast and slow, Kukkonen et al. (2003) was able to model a 
three compartment desorption consisting of rapid, slow and very slow 
compartments.
S,/S„ = Frvld( e k" * ' ‘ ) +  (Equation 2.6)
where Sf is the sediment-sorbed amount at time t (hours), S0 is the sediment- 
sorbed amount at the start, F is the fraction of the chemical in the rapid, slow and 
very slow compartments, and k is the desorption rate coefficient for the 
respective compartment (h"1).
The major factors that have been attributed to affect desorption are aging, 
soil particle size, contaminant’s hydrophobicity and soil organic content. Several 
authors have also attributed the effect of desorption and the desorption fractions 
on other factors. For example, Gong et al. (1,1998) characterized PCB 
desorption from soils and sediments by: (1) two-stage behavior of a rapid initial 
followed by a slower prolonged desorption; (2) dependence on KoW; (3) 
independence of the rapid stage and the dependence of the slower stage on 
particle size; and (4) dependence on the aging effect. Kukkonen et al. (2003) 
indicated that the factors affecting the desorption of 2,4,5,2’,4’,5’- 
hexachlorobiphenyl were: (1) the amount of organic carbon; and (2) the 
distribution of the organic carbon within the sediment in respect to particle size. 
Cornelissen et al. (1997) described that the slowly desorbing fractions increased 
with both solute hydrophobicity and equilibration time (aging). However, Ten 
Hulscher et al. (1999) noted that the very slow desorbing compartment does not
30
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
seem to support the diffusion model because no correlation was found with the 
compound’s molecular weight or hydrophobicity. The aging and particle size 
effects will be discussed in detailed in the following section. Due to the 
complexity of soil organic content it will be discussed in more detail in section
2.5.1.
2.4.2. Aging
Aging is the contact time between the solid phase and the solution before 
desorption. Aging affects desorption in that the longer the equilibration time the 
lower the desorption rate from the solid phase when the sorbent is placed in a 
sorbate-free solution (Gong et al., 1998 (I)). Shorter aging time result in higher 
solute mass to be on the outer part of the sediment particle, but as time 
increases the solute diffusion into the solid matrix also increases (Gong et al., 
1998 (I)). This can be seen by desorption in the slow fraction of some pesticides 
increased with contact time in the environment (Pignatello et al., 1996 & 
references therein). The aging effect has a critical time point in which aging no 
longer has appreciable effects (Gong et al., 1998 (I)) and usually corresponds to 
the differentiation between the rapid and slow stages. Large slow fractions are 
an indication of aged soils and sediments due to their enrichment of resistant 
fractions that limit availability and increase with time as contaminant ages with 
the soil (Pignatello, 1998). With increasing time HOCs bind stronger to these 
resistant fractions thus lowering their extractability and decreasing their 
bioavailability (Nilsson et al., 2002). Kukkonen et al. (2003) found that the size of
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the rapid and slow desorption compartments were directly related to the amount 
of pigments and lipids per amount of organic carbon thus indicating that sediment 
aging directly relates to the desorption compartments that are most likely to 
contribute to bioavailability by decreased chemical availability in the rapid 
compartment correlates with decreased bioavailability (Ten Hulscher et al.,
1999).
The cause for sorption hysteresis, the resistant sorption/desorption, 
increases with time as the soil-contaminant system ages (Gilbert et al., 1997). 
This fraction has limitations on remediation of contaminated sites as it is very 
difficult to reach the contaminants via desorption (Gilbert et al., 1997). Aging of 
compound in soil has effect on its bioavailability where the compound may 
diffuse into the micropores of the soil making it unavailable for biodegradation 
(Lee et al., 2001).
Aging can be explained by several diffusion theories such as the retarded 
intraparticle diffusion, micropore diffusion, intraorganic diffusion or a combination 
of both micropore and intraorganic diffusion (Gong et al., 1998 (I)). In retarded 
intraparticle diffusion the nonequilibrium adsorption is the cause of the aging 
effects due to that it takes time to diffuse into the solid matrix whereas a shorter 
time results in a higher amount of the solute mass to be in the outer portion of the 
sediment particle (Gong et al., 1998 (I)). The aging effect has a critical time point 
in which aging no longer has appreciable effects (Gong et al., 1998 (I)) and 
usually corresponds to the differentiation between the rapid and slow stages.
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2.4.3. Bioavailabilitv
Bioavailability is the measure of accessibility of chemicals or their 
absorbability by living organisms (Huang et at., 2003). Microorganisms have to 
be able to reach the chemicals sorbed in soils and sediments before they can 
degrade them thus they will likely utilize those dissolved in the bulk solution 
and/or bound on the external particle surfaces, whereas those bound internally in 
the particles must be transferred out first before they can be degraded (Huang et 
al., 2003). The rate of mass transport seems to be a function of the aging of the 
pollutant in the sediment as well as the SOM properties (Huang et al., 2003). 
Aged chemicals are more resistant to degradation than freshly added because 
microbes take up compounds more readily from fluid than sorbed states 
(Pignatello et al., 1996 & references therein). The leveling of bioremediation 
after an initial rapid degradation is most likely due to the unavailability of the 
resistant fractions as sorption to these fractions shelter the pollutant from cell 
uptake (Pignatello, 1998).
2.4.4. Particle Size
There have been mixed results in literature regarding the effect of particle 
size on PCB desorption from soils and sediments mainly due to the complex 
relationship between particle size and other particle properties such as organic 
matter (Gong et al., 1998 (I)). Some studies showed no particle size effect on 
PCB desorption (Pignatello et al., 1996 & reference therein) whereas studies that 
have correlated desorption to particle size have different conclusions on how
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particle size affects desorption. Gong et al. (I. 1998) observed that the fast initial 
desorption of PCBs was independent of particle size in that for a given congener 
desorption rates in the rapid stage where very similar regardless of particle size. 
However, the overall mass fraction of PCBs desorbing in the rapid stage was 
smaller with larger particles (Gong et al., 1998 (I)). Also the slower stage was 
particle size dependent such that larger sediment particles led to slower 
desorption (Gong et al., 1998 (I)). Lohmann et al. (2005) showed that PCB 
sorption in soils and sediment seems to correspond more to the type of particle 
than particle size and that soil density fractionation does not seem to be a 
suitable model to distinguish different sorption domains for PAHs and PCBs.
A study by Kukkonen et al. (2003) found that desorption correlated to 
particle size only for nonplanar PCBs such as 2,4,5,2’,4’,5’-hexachlorobiphenyl 
as well as to the amount of organic carbon, whereas the desorption of three 
planar compounds were correlated to the organic matter, van Noort et al. (2003) 
also saw a correlation of PCB planarity to sorption. The sorption at non-labile 
adsorption sites was found to be sensitive to sorbate planarity suggesting that 
planar compounds are more strongly sorbed than non-planar ones (van Noort et 
al., 2003). The enhanced sorption of planar compounds in the very slow 
desorption phase was attributed to its sorption by soot (van Noort et al., 2003). 
Soot is found mostly in the organic carbon fraction of the soil which was found by 
Kukkonen et al. (2003) to affect desorption of planar compounds.
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2.4.5. Desorption Promotion from Slow Fraction
In order to attain complete remediation the desorption of HOCs from slow 
fraction of soils and sediments can be promoted in the following approaches: (1) 
addition of biological agents that can reach remote HOC molecules; (2) heat 
application; (3) addition of chemical additives that displace the contaminant or 
alter the soil structure; (4) physically altering the soil structure (Pignatello et al.,
1996).
Molecular diffusion through SOM and desorption from high-energy levels 
are strongly temperature dependent (Pignatello et al., 1996). Analytes are 
typically located in the matrix sites that require high energies to extract them and 
thus mild conditions, such as low density and low temperature, are not sufficient 
for extraction (Nilsson et al., 2002). A study by Nilsson et al. (2002) showed the 
majority of the PCBs extracted from two aged contaminated sediments using a 
mild supercritical fluid extraction (SFE) method were located in the “fast sites”, 
whereas only a small fraction of the PCBs were tightly bound to the “slow sites” 
and could be extracted only under the harshest conditions (Nilsson et al., 2002). 
These findings are contrary to previous works that showed that only a small 
fraction of PCBs desorbed from “fast sites” while the majority remained in the 
“slow sites” (Cornelissen et al. 1997).
2.5. Soil
Soil is composed of mineral and organic matter grains cemented together
to form particles (Pignatello, 1998). Porosity is the spaces created between
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particles or within particles in the SOM, minerals and clays (Pignatello, 1998). 
Organic chemical compounds develop interaction mechanisms that are 
influenced by the soil fractions, type and size of the organic molecule and the 
presence of water (Mulligan et al., 2004). Their retention in soils can be 
significantly enhanced by the presence of surface active fractions such as the 
soil organic matter (SOM), amorphous non-crystalline materials and clays 
because of the large surface areas, high surface charges and surface 
characteristics (Mulligan et al., 2004). Intermolecular interactions contribute 
directly to the binding of organics to soils and can be physically, chemically and 
exchange motivated (Mulligan et al., 2004). The following are the basic forces, 
reactions and processes that contribute to these interactions: London-van der 
Waals forces, hydrophobic reactions, hydrogen bonding and charge transfer, 
ligand and ion exchange, and chemisorption (Mulligan et al., 2004).
Study by Krauss et al. (2005) found that water partition coefficients (Koc) 
for PCBs did not differ among soil density fractions therefore there was no 
relationship between sorption strength and distribution among density fractions 
(Krauss et al., 2005). Soil density fractions differ in their organic matter content 
such that low density fractions consist mostly of decayed plant residues but may 
contain a significant amount of black carbon (soot) (Krauss et al., 2005). Medium 
density fractions are microaggregate particles formed of clay and organic matter 
that has been decomposed and microbially recycled (Krauss et al., 2005). Heavy 
density fractions are mainly mineral grains covered by thin patches of strongly 
humified organic matter (Krauss et al., 2005). Density fractioning is not a
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suitable method to distinguish different soil sorption domains for PAHs and PCBs 
(Krauss et al., 2005).
2.5.1. Soil Organic Matter
SOM is considered to be the principal sorbent of sparingly soluble organic 
compounds because it plays a fundamental role in the transport, reactivity and 
bioavailability of the compounds in soil (Pignatello, 1998). SOM is composed of 
decomposed plant matter and microbial material which consists mostly of humic 
substances and is usually bound to mineral particles (Pignatello, 1998). SOM 
acts as a dissolution medium for hydrophobic molecules that are expelled from 
the polar aqueous environment (Pignatello, 1998, Gilbert et al., 1997) is 
thermodynamically driven by the hydrophobic effect (Pignatello, 1998). 
Hydrophobic effect is the gain in free energy when a hydrophobic molecule, 
usually nonpolar or weakly polar, is transferred from the polar hydrogen-bonding 
water to organophillic medium such as SOM (Pignatello, 1998). Sorption occurs 
by solid-phase dissolution or partition mechanism and is non-linear and 
competitive (Pignatello, 1998).
SOM is more important for slow desorption than mineral micropores in 
sediment where slow desorption is assumed to be caused by the slow diffusion 
along the hydrophobic pore walls, the diffusion through the organic matter pores 
or pores coated with organic matter play a strong role in slow desorption 
(Cornelissen et al., 1997). Therefore slow desorption is not only caused by the 
entrapment of the organic compounds in the voids within the organic matter but
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also by the diffusion through the hydrophobic pores such that the limitation of the 
compounds from the voids is not the void itself but rather the diffusion from the 
void to the exterior of the organic particle (Cornelissen et al., 1997). Slow 
desorption can also occur in sediments without or with very low organic matter 
but the sorption to these is lower thus processes in the organic matter dominate 
over those in the mineral matrix (Cornelissen et al., 1997).
Several studies have classified SOM as composed of two phases, a hard 
and a soft phase. Pignatello (1998) proposed that SOM acts as a dual mode 
sorbent consisting of a dissolution mode and a hole-filling mode (Gilbert et al.,
1997). The SOM is composed of an expanded phase associated to the rubber 
phase of synthetic polymers, and a condensed phase associated to the glassy 
phase of the polymers (Pignatello, 1998). The rubbery more expanded phase 
lies on the outside of the SOM and corresponds to the dissolution phase. The 
SOM density increases toward the center to the condensed glassy phase that 
corresponds to the hole-filling mode (Pignatello, 1998).
The condensed region of the SOM follows the structure of glassy 
polymers that have holes which are simply closed internal pores or voids that 
provide specific sorption sites and where sorbate molecules undergo adsorption 
interaction with the walls of the pores (Gilbert et al., 1997; Pignatello, 1998). The 
hole-filling mode has been linked with the slow desorption rates of previous 
studies (Gilbert et al., 1997). Huang et al. (2003) characterized SOM as soft 
carbon and hard carbon. The soft carbon is a more amorphous phase such as 
the humic matter, whereas the hard carbon is the condensed phase such as the
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soot (Huang et al., 2003). HOC sorption to both phases differ in that sorption into 
the soft carbon SOM phase is a linear partitioning process whereas into the hard 
carbon SOM phase is both adsorption and absorption or partitioning (Huang et 
al., 2003). Depending on the relative amounts of both phases the overall 
soil/sediment sorption can be from linear partitioning to nonlinear adsorption 
(Huang et al., 2003).
2.5.2. Humic Acids
Humic substances are the dominant organic components in SOM and are 
highly heterogeneous mixtures or macromolecules regarded as macromolecular 
acids or oligoelectrolyes (Huang et al., 2003). They are capable of protonation 
and deprotonation by changing the pH of the solution (Huang et al., 2003).
There are three humic fractions: fulvic acid, humic acid and humin acid (Huang 
et al., 2003, Pignatello, 1998). Fulvic acids are soluble in acid and base 
solutions (Huang et al., 2003). Humic acids are soluble in only base solutions, 
are glassy or rigid at temperatures lower than its glass transition and exhibit 
nonlinear sorption isotherms for HOCs (Huang et al., 2003). Humic acid is 
loosely knit and can relax relatively faster than the tightly knit and crosslinked 
kerogen (Huang et al., 2003). Humin acid cannot be extracted in alkaline 
solution and thus is the least understood acid of the three (Huang et al., 2003). It 
usually compromises more than half of SOM but is difficult to separate from 
mineral particles (Pignatello, 1998). Overall, humic substances share common 
physicochemical properties similar to those of organic polymers (Huang et al.,
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2003). They swell due to solubilization of simple less polar and nonpolar 
molecules (Huang et al., 2003). Humic acid aggregates can be considered an 
analogy to well-structured organic polymers due to their glass transition 
phenomena and thus follow the dual-mode sorption model (Huang et al., 2003).
2.5.3. Black Carbon I Soot
Coal and soot carbon, also known as black carbon, are particles from 
biomass burning and fossil fuel combustion (Bucheli et al., 2003). Soot carbon is 
present in coastal sediments at 2-20% of total organic carbon (Bucheli et al., 
2003). Soils and sediments contain significant amounts of black carbon and 
kerogen (Huang et al., 2003). Coal and soot are examples of hard organic 
matter which have shown to uptake 62-90% of PAHs and PCBs in sediment even 
though they constitute only 5-7% of the sediment by weight (Tandlich et al.,
2001). Kerogen and black carbon contents in soils can be up to 80% of the total 
organic content (TOC) and thus are an important constituent of soils and 
sediments (Huang et al., 2003). Contaminant sorption to black carbon may affect 
their distribution and bioavailability in the environment, and thus it is important to 
account for black carbon sorption in order to gain a better understanding of the 
contaminant’s distribution in the environment (Bucheli et al., 2003).
Mature kerogen is a major natural organic matter in sedimentary rocks, 
and when exposed to the surface it is relatively resistant to both physical and 
chemical weathering thus can become a component of the organic matter in 
topsoils and sediments (Huang et al., 2003). There are two types of black
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carbon, soot and char (Huang et al., 2003). Soot is freshly formed form liquid 
fuels combustions and is highly aromatic and reduced (Huang et al., 2003). Char 
is formed from incomplete combustion of biomass and coals and has textures 
and morphologies of the parental material (Huang et al., 2003). Mature black 
carbon has different surface properties and chemical compositions than freshly 
formed black carbon due to the alterations undergone during transport, 
sedimentation and burying (Huang et al., 2003).
Black carbon exists in more significant amounts in soils and sediments 
than humic acids (Huang et al., 2003). These particles have rigid 3-dimensional 
structures and are less polar than humic substances (Huang et al., 2003). They 
exhibit nonlinear sorption for HOCs with higher capacities than humic acids 
probably due to its high specific area, large microporosity and hydrophobic 
nature (Huang et al., 2003). Omitting black carbon sorption contribution would 
not be accurate in estimating organic contaminant’s mobility and bioavailability as 
the fate and effects of hydrophobic organic contaminants is largely determined by 
their solid-phase sorption (Lohmann et al., 2005). Black carbon’s rigidity may 
cause it to perhaps exhibit more a surface adsorption rather than a dual mode 
sorption like kerogen (Huang et al., 2003).
Sorption to carboneous solids like black carbon may be especially 
important for HOCs with planar conformations which can maximize their contact 
with planar adsorbernt surfaces (Lohmann et al., 2005). Carbonaceous particles 
that survived thermal oxidation greater than 375°C were responsible for the 
additional and enhanced HOC sorption in the sediments (Lohmann et al., 2005).
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Lohmann et al. (2005) proposed an equation (Equation 2.7) for Kd that took into 
account both organic content absorption and black carbon adsorption:
K d =  focKoc +  / bc^ bc^ w 1 (Equation 2.7)
where KBC is the black carbon adsorption coefficient [(mol kg Bc’1) / (mol/L)n], n 
is the Freundlich exponent for adsorption onto black carbon, and Cw is the 
dissolved concentration (pg/L). Results showed that sedimentary black carbon 
exhibits a high affinity for HOCs especially for coplanar PCBs. KBC values are 
substitution dependent (Lohmann et al., 2005). PCB adsorption to black carbon 
was dominant for all congeners for both sediments (Boston and New York 
Harbor) ranging from 80% to 90% (Lohmann et al., 2005). HOC affinity to black 
carbon is orders of magnitude higher than the absorption into organic content 
especially at dissolved concentrations less than 1pg/L (Lohmann et al., 2005).
Bucheli et al. (2003) observed that soot-water distribution coefficients (Ksc) 
for PCBs were much higher than the corresponding octanol-water distribution 
coefficients (KoC) thus indicating a higher affinity to soot by PCBs, especially non­
ortho substituted, than to total organic carbon (Lohmann et al., 2005). The non­
ortho substituted congeners’ higher sorption than ortho-substituted may be due 
to the inhibited rotation of the PCB molecule along its carbon-carbon bond by the 
ortho-chlorines and thus not as effective interaction with the planar soot molecule 
(Bucheli et al., 2003). Thus, PCBs have stronger affinity to soot than to organic 
matter, and their interaction is especially stronger for planar PCB congeners 
(Bucheli et al., 2003).
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2.5.4. O/C Ratio of SOM
The quality of SOM is as important as the quantity for HOC desorption 
from soils and sediments (Kukkonen et al., 2003). Quality can be measure by 
the oxygen to carbon ratio (O/C) which also indicates changes in the polarity of 
the SOM (Kukkonen et al., 2003). Sorption capacity and isotherm nonlinearity 
are highly dependent on the O/C atomic ratio of the SOM thus the high impacts 
of the SOM heterogeneity on equilibrium sorption of HOCs (Huang et al., 2003). 
The lower the oxygen to carbon ratio (O/C) atomic ratio of the SOM the more 
hydrophobic the SOM and the greater driving force for sorption (Huang et al.,
2003). The older the SOM the more diagenetically the organic matter and the 
stronger it binds certain organic compounds to a stronger degree (Kukkonen et 
al., 2003).
2.5.5. Competitive Sorption
Competition occurs when two or more solutes are present and structurally 
similar molecules compete more strongly thus the sorbate’s hole-filling domain 
has a degree of selectivity (Pignatello, 1998). Competition does not occur in the 
dissolution domain regardless of solute polarity (Pignatello, 1998). Natural 
occurring molecules may also compete with pollutants for sorption sites 
(Pignatello, 1998). The greater the porosity the greater the contribution of the 
hole-filling sorption to organic solutes form aqueous solution (Pignatello, 1998).
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2.5.6. Cooperative Sorption
Brusseau (1991) found that the addition of tetrachloroethene, a nonionic, 
low-polarity compound, enhanced the sorption of nonionic, low polarity 
compounds (naphthalene, p-xylene, 1,4-dichlorobenzene) by increasing the 
organic carbon content of the sorbent with initially low organic carbon contents 
(Brusseau, 1991). The tetrachloroethene had a synergistic effect on the sorption 
of the primary solutes and the degree of cooperative sorption is expected to be a 
function of the solute hydrophobicity and the mass of cosolute sorbed relative to 
the inherent sorptivity of the sorbent (Brusseau, 1991). The mass sorbed is 
dependent on the sorptivity of the sorbent and cosolute hydrophobicity and 
aqueous concentration (Brusseau, 1991).
2.5.7. Water
Water is abundant in the environment and an important factor in sorption 
as compounds must travel through water to reach sorption sites (Gilbert et al., 
1997; Pignatello, 1998). At high humidity (>70%): 1) mineral surface areas are 
coated with multiple layers of water molecules of which the first one or two are 
strongly sorbed; 2) micropores and mesopores are filled with water; 3) SOM is 
swollen with water (Pignatello, 1998). The affinity of hydrophobic compounds for 
mineral surfaces is extremely small in the presence of water (Pignatello, 1998).
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2.5.8. Clays
Clays are the most important inorganic component in soil for contaminant 
sorption (Korte et al., 2002) because of their relative abundance, large exchange 
capacity and appreciable internal and external surfaces (Lee et al., 2004). 
Oxidation/reduction reactions take place in the surface of minerals (Pignatello, 
1998). Humics can adsorb non-ionic contaminants better than clay minerals, 
however, soils can be composed 20% to 40% clay minerals and only 0-5% 
humics thus contributing greatly to the overall sorption of HOCs to the soil 
(Rebhun et al., 1992). For soils with high organic content contaminants will 
mostly sorb onto the humics (Rebhun et al., 1992). Soils with low to medium 
organic fractions and high clay content clay minerals contribute to most of the 
sorption regardless of whether many clay sites are blocked by humics (Rebhun 
et al., 1992). In soils with very low organic fractions sorption clay minerals are 
the dominant sorption site (Rebhun et al., 1992). Also, expandable clay minerals 
offer primary sorption sites for HOCs (Hwang et al., 2004).
2.6. PCB Availability Enhancement Through the Use of 
Solvents and Plant Terpenes
2.6.1. Solvents
The sorption of organic compounds is dependent on the interaction 
between the compound, solvent and the matrix, such as soils and sediments, to 
which the compound is sorbing to or desorbing from. In order to understand how
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organic compounds such as PCBs desorb from soils and sediment into a solvent, 
one must first understand how they first sorbed from the solvent onto the soil 
matrix. The following studies were conducted to measure how well organic 
compounds sorbed onto soils by studying the interactions between the 
compound, solvent and soil matrix.
Water, a polar solvent, is a very strong competitor for minerals sites. A 
polar compound will be sorbed onto mineral sites if it can preferentially compete 
with water for these sites. The absence of water allows polar organic 
compounds to sorb onto these sites. The water content in a soil will govern the 
number of available mineral sites and the water layer thickness on these sites 
which determine how well a polar compound can adsorb onto them.
Soil moisture plays an important role in whether the heat of adsorption of a 
solute from a solvent onto soil will be endothermic or exothermic. Soils with very 
low water content, below the amount necessary to create a monolayer on the 
mineral sites, will facility the adsorption of the compound onto these sites with a 
resulting exothermic heat. A study showed that the uptake of parathion, a strong 
polar compound, from hexane onto a mineral-rich soil with very low water content 
was exothermic because of the abundant availability of mineral sites (Chiou, 
2002). If the water content is below saturation but enough to create a monolayer 
on the mineral sites the polar compound can displace the water molecules and 
adsorb onto the mineral sites with an endothermic heat. For saturated soils the 
multi-water layers around the mineral sites would make it difficult for the 
compound to adsorb onto them. Therefore, increase in the soil water content
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can decrease the sorption of organic solutes onto soils, especially for nonpolar or 
weakly polar compounds. Nonpolar and weaker polar compounds are less 
competitive for mineral sites and therefore their soil sorption will be affected more 
significantly by increasing water content. The water’s polarity allows it to sorb 
much stronger to the mineral sites making it difficult for weaker polar solutes to 
displace it. Sediments, which have much higher water content than soils, would 
make it very difficult for polar compounds to sorb onto them from nonpolar 
solvents.
Uptake of polar organic compounds from nonpolar solvents is strongly 
suppressed by humidity and approaches zero when the soils become completely 
saturated whereas the same compound shows definitive uptake onto the same 
soils when present in water. A study by Yaron and Saltzman (1972) studied the 
uptake of parathion from hexane and water onto a soil and how the soil 
humidity’s affected uptake (Chiou, 2002). When the compound was present in 
hexane because it is nonpolar it had poor polar interactions with the minerals. As 
humidity increased more water occupied these sites further restricting the 
hexane’s interaction with the soil and thus it was not able to bring the compound 
in contact with the soil. When the compound was in water it was able to engage 
in polar interactions with the soil and although it occupied the mineral sites small 
amounts of parathion were able to diffuse through the water films and adsorb to 
the SOM (Chiou, 2002).
Since water does not partition into SOM it leaves these sites available for 
organic compounds to sorb. Solvents with good solvency such as hexane
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suppress compound’s SOM partitioning while those with poor solvency such as 
water allow the compound to preferentially partition into the SOM. Polar organic 
solvents offer both good solvency for SOM and their polarity allow them interact 
with mineral sites as well as sorb onto them. The combination of these two 
sorption qualities allow them to preferentially compete for both mineral sites and 
SOM thus making it more difficult for organics to sorb to soils. If the organic is 
sorbed onto the soil the polar organic solvent can out compete the compounds 
for SOM partitioning thus desorbing the organic from the soil into the aqueous 
phase. A study by Yaron and Saltzman (1972) found that the polar organic 
compound parathion did not sorb onto soils from organic polar solvents due to 
that the solvents’ polarity and good solvency minimized the solute adsorption 
onto the minerals and reduced the solute’s partition onto SOM respectively 
(Chiou, 2002). Polar organic solvents would be more effective at recovering 
organic contaminants from soils than nonpolar solvents (Chiou, 2002).
Studies performed on organic compounds’ sorption onto soils from 
solvents found that organic compounds were more effective at sorbing onto soils 
from polar solvent water than from nonpolar solvents (Chiou, 2002). The 
effective sorption of organic solutes onto soils is affected by competition between 
the solute and solvent for either mineral adsorptive sites or soil organic matter 
(SOM). For an organic compound to sorb onto a soil matrix from a solvent the 
solvent must be able to bring the solute in contact with the soil and must not 
compete with the solute for either SOM or mineral sorption. First the solvent has 
to engage in polar interactions with the soil’s minerals. If the solvent has poor
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polar interactions it will not be able to effectively bring the solute in contact with 
the soil (Chiou, 2002). Diuron, an organic compound, was found to have greater 
sorption onto organic soil from water than from petroleum (Chiou, 2002). In this 
case petroleum competed much stronger than diuron for the organic content of 
the soil. Both diuron and petroleum are strong competitors for organic matter 
and do not sorb on mineral sites. In contrast, when diuron was in water the 
water’s polarity yield it an effective competitor for the soil’s mineral sites allowing 
diuron to sorb onto the soil by its strong SOM affinity (Chiou, 2002). Unlike the 
petroleum the water did not interfere with diuron’s sorption to the SOM.
The soil type and solvent in which the organic solute is dissolved also 
affects the solute’s sorption to the soil. Polar and weakly polar compounds 
seemed to have a much higher uptake from nonpolar solvents like hexane onto 
mineral-rich soil than on organic-rich soil (Chiou, 2002). Mineral-rich soil 
consisted of 1.9% organic matter, 68% silt and 21% clay, whereas the organic- 
rich soil had 51% organic matter, 36% silt and 3.5% clay. The hexane did not 
compete with the solute for the mineral sites in the mineral-rich soil thus allowing 
it to sorb, but partitioned preferentially over the solute on the SOM of the organic- 
rich soil. When solute was present in the polar solvent water the solute had a 
higher uptake onto the organic-rich soil where the dominant sorption was by 
partition in SOM but the water’s sorption to the mineral sites limited the solute’s 
sorption to the mineral-rich soil (Chiou, 2002). In experiments conducted on the 
sorption of lindane, a weakly polar compound, from hexane onto oven dried clay 
and peat, lindane sorbed stronger onto the clay (Chiou, 2002). In the dried clay
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the predominant sorption sites were mineral and thus since hexane is nonpolar it 
did not compete for these sites allowing the lindane to sorb. In the dry peat the 
main sorption sites were SOM which both lindane and hexane competed for 
sorption. Hexane competed more effectively than lindane for SOM but the soil’s 
low mineral content did not allow enough lindane to sorb onto the soil. When the 
solute and solvent compete for the same site, whether mineral or SOM, the 
solute will sorb onto the soil only if it can out compete the solvent.
A preferential solvent is one that can adsorb to both the mineral sites and 
partition to the SOM. Once the solvent has preferentially sorbed to both sites the 
solute can desorb from the soil or sediment matrix to the solvent. Water is a 
good polar solvent and can compete preferentially with polar solutes for mineral 
sites. However, it lacks the solvency necessary to dissolve in the organic matter 
where nonpolar contaminants, such as PCBs, tend to adsorb. A polar organic 
solvent such as methanol can compete preferentially for sorption to the SOM 
over nonpolar contaminants and for mineral sites over polar contaminants. 
Methanol’s good solvency is derived from its small molecules that can swell the 
SOM in a soil (Lyon et al., 1991). Swelling is defined as the dissolution of small 
molecules into the soil and occurs at the molecules’ contact with a fluid (Lyon et 
al., 1991).
Another effective polar organic solvent that is not as toxic as methanol is 
ethanol. Korte et al. (2002) investigated the dechlorination of 2, 3, 2’, 5’ PCB by 
palladized iron (Pd/Fe) in common organic extraction solvents. First the reaction 
was conducted by adding 2,3,2’,5’ PCB to 20% acetone/water solution with 10g
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Pd/Fe and was completely dechlorinated after 2 hours and its byproducts, lower 
chlorinated PCBs and biphenyl, after 9 hours (Korte et al., 2002). Secondly the 
reactions were conducted using 5g Pd/Fe and 40, 50 and 60% of either ethanol 
or isopropanol solutions in water. The 40% ethanol solution had greater 
dechlorination than the 40% isopropanol but similar dechlorinations for the 50 
and 60% solutions. Ethanol’s greater efficiency at 40% over isopropanol was 
mostly due to its higher dielectric constant as the lower the dielectric constant the 
more organic and less polar the solvent therefore the greater the inhibition of the 
Pd/Fe dechlorination reaction (Korte et al., 2002). As the solvent concentration 
increased the reaction became slower probably due to the decrease in hydrogen 
production and the increase in solubility of the PCB in the liquid phase (Korte et 
al., 2002).
In a study by Lee et al. (2001) two organic solvents were used to enhance 
the biodegradation of polycyclic aromatic hydrocarbons (PAHs) of coal-tar 
contaminated soils. Acetone and ethanol were chosen because of they are 
relatively safe, were easily available and inexpensive (Rebhun et al., 1992). Both 
solvents had very similar degradation rates and had two times faster degradation 
rates than not pretreated soils (Rebhun et al., 1992). The enhanced 
biodegradation could be attributed to solubilization of the PAHs by the solvents 
thus transferring the PAHs from the inner to the outer soil particle parts (Rebhun 
et al., 1992). The enhanced PAH bioavailability could be caused by the organic 
solvents’ swelling of the organic carbon in the soil (Rebhun et al., 1992). Once 
on the outer parts of the soil particles the PAHs were precipitated by the addition
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of water. Thus water-miscible organic solvents enhanced PAH bioavailability and 
its solubilization from soils and were not affected by the soil’s physical properties 
but by the partitioning of the PAHs between the solvent and soil (Rebhun et al., 
1992).
In summary, for a solvent to desorb a solute from a soil/sediment three 
factors must be considered: solute polarity, solvent polarity and solvency. The 
solute’s polarity will determine to what sites in the soil it will sorb. Polar 
compounds adsorb onto mineral sites whereas nonpolar compound sorb onto 
SOM by dissolution. The solvent polarity will determine if the solvent can engage 
in polar interactions with the soil and if it can preferentially compete over the 
polar contaminant for mineral sites. If the solvent has a stronger polarity than the 
solute the solute may not sorb onto the soil. The solvent solvency will govern 
whether the solvent can partition to the SOM. Nonpolar organic pollutants tend 
to be sorbed to the SOM thus the solvent must have good solvency in order to 
reach the SOM and desorb them from the soil. Table 2.2 summarizes the 
preferential soil sorption of solutes and solvent based on the properties of the 
solute, soil and solvent.
Table 2.2. Mineral sorption and SOM partitioning based on solute, soil and 
solvent properties.
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PCBs degrading bacteria have been studied for the use in bioremediation 
of PCB contaminated soils and sediments. Biphenyl has been used as a 
substrate to grow bacteria that degrade PCBs and enhance biodegradation in 
soils and sediments (Hernandez et al., 1997) because it can induce degradation 
and serve as a carbon source (Tandlich et al., 2001). However, biphenyl is not a 
natural constituent of soils (Hernandez et al., 1997) and its use in soils has been 
limited by its adverse health effects, cost and low water solubility (Gilbert et al., 
1997). Studies have shown that the addition of plant terpenes to PCB 
contaminated soils has enhanced the PCB biodechlorination because of the 
structural similarity of terpenes to biphenyl, can induce and can be carbon 
sources for bacteria, and can make PCBs more extractable (Gilbert et al., 1997; 
Hernandez et al., 1997; Oh et al., 2003; Tandlich et al., 2001).
Plant terpenes (p-cymene, (S)-(-)-limonene, a-pynene and a-terpinene)
are natural substances that have similar structures to aromatic hydrocarbons
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such biphenyl without biphenyl’s toxicity (Oh et al., 2003). Different PCB 
biodegradation studies have shown that terpenes act as inducers (Oh et al., 
2003; Tandlich et al., 2001), carbon sources and enhanced survivability of the 
bacteria (Oh et al., 2003). Oh et al. (2003) found that monoterpenes induced 
PCB biodegradation in Gram-negative bacteria. Similarly Tandlich et al. (2001) 
found that using the terpene carvone as an inducer and xylose as the carbon 
source achieved degradation of 30 to 70% of PCB congeners. Gram-positive 
bacteria have also shown to use terpenes not only as inducers but as the sole 
carbon source and to have a greater tolerance to high terpene concentrations 
(Oh et al., 2003). Overall, PCB degraders in samples with terpenes had 10-100 
fold higher numbers than samples without terpenes as well as had greater 
survival rates in environments at lower temperatures (Oh et al., 2003).
Therefore, terpenes could not only enhance PCB biodegradation but also the 
survivability of the bacteria (Oh et al., 2003).
A study by Gilbert et al. (1997) found that the chemical component /- 
carvone from the spearmint plant (Mentha spicata) was effective in inducing 
Arthrobacersp. strain B1B to degrade PCB congeners in Aroclor 1242. 
Carvone-induced cells showed greater degradation of Aroclor 1242 with a higher 
transformation rate for di- and trichlorobiphenyls than for tetra- and 
pentachlorobiphenyls but overall their degradation ability was limited as they 
attained only 26 of the 32 PCB peaks (Gilbert et al., 1997). The plant 
compounds limonene, p-cymene and isoprene were studied because of their 
structural similarity to /-carvone and were shown to also induce PCB
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cometabolism. The structural component from all these compounds that was 
isolated to promote the strongest PCB degradation was an unsaturated p- 
menthane motif (Gilbert et al., 1997). The induced metabolism of carvone by 
Arthrobacter sp. strain B1B may have been a detoxification mechanism since 
high concentrations of carvone ceased and caused cells to lyse, and low carvone 
concentrations could not support the bacteria’s growth (Gilbert et al., 1997).
The findings by Gilbert et al (1997) were paralleled to those observed by 
Hernandez et al. (1997) where the addition of four plant residues enhanced 
complete aerobic degradation of Aroclor 1242. Orange peels, eucalyptus leaves, 
pine needles and ivy leaves rich in terpenes were added to Aroclor 1242 spiked 
soils because of the terpenes’ structural similarity to biphenyl (Hernandez et al., 
1997). The soils with the plant residues had completed aerobic degradation of 
the Aroclor whereas those with biphenyl reached only partial dechlorination 
(Hernandez et al., 1997). This dechlorination difference could be attributed to 
several reasons. First, the terpenes in the plant residues may have been the 
substrate that enhanced the PCB biodegradation, which were released more 
slowly as the other plant residues were metabolized (Hernandez et al., 1997). 
The bacteria in the terpenes amended soil may have been different to those in 
the biphenyl amended soil in having a broader PCBs specificity (Hernandez et 
al., 1997). The PCBs adsorbed by the terpenes may have been more 
extractable than those adsorbed in only soil as suggested by that the recovery of 
Aroclor 1242 in soils amended with orange peels was higher than unamended 
soils (Hernandez et al., 1997). Soils naturally don’t contain biphenyl thus the
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biphenyl degrading mechanism in the bacteria was most likely utilized to degrade 
compounds with structures similar to those of biphenyl such as the terpenes 
(Hernandez et al., 1997). Lastly, terpene-rich plant residues have three 
advantages over biphenyl as a substrate for PCB bioremediation in soil. First, 
the presence of terpenes promotes PCB bioavailability which in turn increases its 
biodegradation (Hernandez et al., 1997). Unlike biphenyl, plant residues are not 
considered pollutants (Hernandez et al., 1997). Finally, plant residues are more 
available world wide (Hernandez et al., 1997).
2.6.3. Solvent and Terpenes Summary
The use of solvent and bacteria can be use to remediate and/or enhance 
remediation of organic pollutants such as PCBs in soils and sediments. When 
using solvents to desorb organic pollutants from soils the pollutant and soil 
properties must be first identified. For mineral-rich soils a polar solvent is 
preferred when desorbing polar and nonpolar compounds from the soil because 
the solvent’s polar groups can compete with the compound’s polarity for mineral 
sites. For organic-rich soils a nonpolar solvent is preferred when desorbing polar 
and nonpolar compounds from the soil because the solvent can preferentially 
partition over the compound onto the SOM of the soil. Soil must have a low 
water content otherwise the solvent may not be able to interact with the soil and 
may not reach the SOM. For soils that have both mineral and organic content a 
polar organic solvent such as methanol and ethanol is prefer in order to compete 
with polar and nonpolar compounds for mineral sites and SOM partitioning.
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The addition of plant terpenes can enhance bioremediation of PCBs because of 
their structural similarity to biphenyls allow bacteria to degrade them more easily 
by cometabolism. Plant terpenes are also less expensive, less toxic and more 
widely available. Depending on the type of bacteria a carbon source such as 
xylose may be necessary to further enhance the biodegradation. The addition of 
plant terpenes can also be used as a final step after the soil has been treated for 
the PCBs to enhance the biodegradation of any remaining PCBs in the soil or 
sediment.
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CHAPTER 3
METHODS AND MATERIALS
This section describes the methods and materials used to extract and 
analyze PCB samples. An overview of the sediment source and characteristics 
is given followed by laboratory methods used to extract, concentrate, cleanup 
and analyze the samples.
3.1. Sediment Source and Characteristics
The sediments used for this experiment were from the following sources: 
New Bedford Harbor (NBH) MA, Housatonic River (HSR) MA, and Hudson River 
(HUR) NY. Both the NBH and HUR sediments came from dredging operations 
performed at their respective locations. The HSR sediment was collected by 
Deana Aulisio in 2003.
3.1.1. New Bedford Harbor
New Bedford Harbor is located in Massachusetts and consists of 18,000
acre of highly PCB contaminated sediments. This site was home to at least two
manufacturers that used PCBs and discharged them directly onto the harbor and
indirectly through the city’s sewage. The contamination is spread throughout the
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18,000 acre harbor with areas of PCB concentrations greater than 4,000 parts 
per million (ppm). The site was named a superfund site in 1982 and 70,000 
cubic yards of contaminated sediment have been removed by dredging (EPA: 
New Bedford Harbor).
3.1.2. Housatonic River
The Housatonic River (HSR) site is located in Pittsfield, Massachusetts 
where a 254 acre General Electric (GE) plant began operating in 1903. The 
Transformer division of the plant used and disposed of dielectric fluids containing 
mostly Aroclor 1254 and 1260 through the waste and storm water systems that 
lead to the Housatonic River. Sediment PCB concentrations near the GE facility 
are as high as 54,000 ppm. However, these concentrations were not observed in 
the sediment used in this research, which were mostly below 20 ppm (EPA: 
Housatonic River).
3.1.3. Hudson River
Other GE plants were located in Hudson Falls and Ford Edward on the 
Hudson River in New York and discharged approximately 1.3 million pounds of 
PCBs, mostly Aroclors 1221 and 1242, onto the river contaminating a 200 mile 
stretch with concentrations of up to 1,650 ppm (EPA: Hudson River). The 
sediment used for this research had an average concentration of 536 ppm, 
64.06% moisture and consisted of mostly clay and silts.
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3.1.4. Water Content
The water content (W C) of the sediment is used in order to determine the 
dry mass of sediment samples. The PCB concentration in micrograms per gram 
(f^g/g) or ppm is calculated by dividing the PCB mass found in pg by the original 
sediment dry mass in g. Because there are no direct means of measuring water 
content without drying the sediment, the theoretical dry mass of experimental 
samples is calculated based on the water content of a separate sample.
After a sediment batch has been homogenized, 3 g to 5 g of sediment is 
placed on an aluminum dish and the sediment’s mass recorded before placing it 
in a 105°C oven for 24 hours after which the mass is once again measured three 
times. The mass of the sediment before drying is referred as wet mass (M wet)  
whereas after drying is referred as dry mass (M 10s). The percent water content 
was calculated with the equation below:
The wet sediment mass (M wet-Sampie) of each sample is measured before 
treatment and the theoretical dry sediment mass (Mdry) can be calculated once 
the WC  is known by the equation below:
WC(%) x l 0 0 % (Equation 3.1)
M dry wet—sample (Equation 3.2)
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3.1.5. Organic Content
The organic content of the three sediments was determined by loss-on- 
ignition procedure from Method 2540 E of the Standard Methods for the 
Examination of Water and Wastewater (1992). The sediment samples were 
prepared by placing approximately 14 g to 20 g of wet sediment on glass beakers 
which were placed to dry overnight at 105 °C oven to determine water content. 
The samples were then placed in a muffle furnace at 550 °C for 5 hours to oxidize 
the organics. This procedure was repeated once more to obtain a weight change 
of less than 4% between runs. The organic content was calculated from the 
following equation (Heiri et al., 2001):
Percent O rgan ic  Content (%) = —M m I  x 100% (Equation 3.3)
M m
where M 105 is the dry sediment mass in g after drying in the 105 °C oven in g and 
M 55o is the dry sediment mass in g after ignition in the 550 °C muffle furnace.
3.2. Palladized Magnesium
The palladized magnesium was manufactured and provided by the 
National Aeronautical and Space Administration (NASA) by a proprietary 
process. It is composed 4 pm Mg particles coated with 0.01 percent by weight 
Pd and has the consistency of a fine powder. The Mg/Pd was analyzed in 
Scanning Electron Microscopy (SEM) for surface characteristics at Case Western 
Reserve University (Figure 3.1).
61
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 3.1. Scanning electron micrographs of NASA Mg/Pd powder. Bright spot, 
as shown by the letter “A”, indicate Pd particles.
3.3. Experiments
3.3.1. Desorption Experiment
Two sediments, NBH and HSR, were used to investigate desorption of 
PCBs from sediment into the aqueous phase. Triplicate samples for each 
sediment were prepared by adding approximately 3 g dry weight sediment into a 
150 milliliter (ml_) beaker and 100 ml_ to 120 mL of distilled water. A control 
beaker with enough sediment for 8 samples was prepared for each sediment. 
This was to be used only to monitor potential external contamination that could 
affect the samples. Tenax TA® resin beads mesh 35/60 (Scientific Instrument 
Services, Inc) were used as an infinite sink for desorbed PCBs in the aqueous 
phase as has been used by other desorption studies for this purpose
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(Cornelissen et at., 1997; Kukkonen et al., 2003). The Tenax beads were rinsed 
with 30 mL of acetone and hexane separately per 1.2 g of Tenax and left to dry a 
day before their addition to the samples. After adding the Tenax beads to the 
sediment and water the samples were covered with aluminum foil and placed on 
a shaker for the duration of the experiment. At 1, 2, 5, 12, 19, 26, 33, 50 days 
the Tenax beads were removed from the samples and replaced with new ones, 
and a control sample was subsampled from each sediment control beaker. The 
beads floated on top of the water and were collected with a stainless steel 
spatula and rinsed off the spatula with deionized water onto a beaker. At the last 
sampling event a control sample, Tenax beads and the sediment in the samples 
were extracted. The removed beads were not replaced with new ones. The 
same PCB extraction procedure was used to extract the PCBs from the beads 
and the sediments, except that no cleanup step was necessary for the Tenax 
extracts. The extraction procedure will be presented in section 3.4.1.
3.3.2. Mixing Experiment
A mixing experiment was conducted to test three different mixing methods 
to homogenize sediments from HSR, HUR and NBH. The first mixing method 
involved a stainless steel paint mixing blade attached to a rod powered by a drill 
(Figure 3.2). The sediments were mixed in 5 gallon bucket containers for 15 
minutes. Several large spoonfuls of sediment were transferred to a stainless 
steel bowl of a Hobart mixer (Figure 3.3) and mixed at the lowest speed level for 
5 minutes. The sediment was then transferred to a clean amber jar and mixed
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manually with a stainless steel spatula. The paint blade, Hobart blade, bowl and 
spatula were all removed and washed with soapy water between sediments.
Figure 3.2. Stainless steel paint mixer blade attached to a power drill.
Figure 3.3. Hobart mixer with stainless steel bowl and paddle.
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3.3.3. Batch Experiments
Batch experiments were prepared by using a 150 mL glass beakers for 
each individual sample. The beakers were labeled and their weight recorded. 
Sediment was transferred from the original 5 gallon bucket container to a large 
beaker and mixed manually for homogenization. Large particles such as rocks, 
pebbles and sticks were removed. A small sediment mass of 3 to 6 g was added 
to an aluminum dish for water content measurement. The mass of approximately 
10 g of wet weight sediment was recorded by first placing the beaker on a scale 
and its weight tared to zero. Thus, when the sediment was added, the scale 
showed only the mass of the sediment.
The dechlorination reaction was initiated by the addition of the Mg/Pd.
The appropriate Mg/Pd mass was weighed on an electronic scale with significant 
figures to the fourth decimal place. The addition of the Mg/Pd to the sediment 
was done directly and indirectly. In earlier experiments the Mg/Pd was weighted 
and added directly to the sediment. The sediment and Mg/Pd were combined 
together by mixing manually with a stainless steel spatula followed by the 
addition of 10 mL liquid, either water or solvent depending on the experiment, to 
make a slurry. The addition of Mg/Pd to the sediment was optimized in later 
experiments by indirect addition which consisted of first adding the Mg/Pd to a 
clear 40 mL vial followed by 2 mL less than the total volume of liquid needed.
The liquid and Mg/Pd powder were combined by shaking in a vortexing rotator 
shaker for approximately 1 minute. The mixture was then added to the sediment 
and the vial was rinsed with 2 mL of the corresponding liquid. The sediment,
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Mg/Pd and liquid were combined by shaking in the vortexing rotator shaker for 30 
seconds to 1 minute or until combined. The samples were covered with 
aluminum foil and placed on a Bigger Bill® shaker at 175 to 200 revolutions per 
minute (rpm) for the appropriate time required by each experiment.
The reaction was quenched by the addition of drying powder composed of 
1:1 magnesium sulfate anhydrous (MgSC>4): sodium sulfate granular (Na2S 04) 
powders. The samples were placed in a cool water bath as the drying powder 
was added to prevent the sample from overheating due to the exothermic 
reaction of the drying powder with the water in the sample. The drying powder 
was added gradually to the sample and mixed until the sediment became a 
powder. After the samples had cooled in the venting hood they were stored in 
the freezer until extraction.
A surrogate standard was added before extraction in order to measure the 
extraction procedure efficiency. PCB decachlorobiphenyl (BZ #209) was used as 
the surrogate at a concentration of 2 pg/mL because it was not originally in any of 
the sediments and its peak did not coelute with the other PCB peaks on the mass 
spectroscopy. In earlier experiments the surrogate was added to the dry 
sediment sample right before extraction by pipetting the surrogate solution to the 
top of the sample. However, because the surrogate was mostly on top of the 
sample it was not representative of the full sample extraction. In order to better 
quantify the extraction efficiency the surrogate was added in later experiments 
right before the samples were quenched with the drying powder. This improved 
the mixing of the surrogate within the sample.
66
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3.3.4. Solvent Experiments
Solvent experiments were conducted to see if solvents would enhance the 
PCB availability from sediment into the liquid phase to react with the Mg/Pd. The 
three nonpolar solvents used were n-hexane (pesticide/GC chromatography 
grade), d-limonene and Citrus Burst™ 2. D-limonene is a biodegradable solvent 
derived from orange terpenes. Citrus Burst™ 2 is also a terpenes-based solvent 
composed of a high d-limonene concentration, citrus components and a nonionic 
surfactants. Both solvents were manufactured and provided by Florida Chemical 
Company Inc. The polar solvents used include acetone, methylene chloride and 
methanol at the highest purity grade of pesticide/GC chromatography.
3.3.5. Dechlorination Calculation
PCB treatment with Mg/Pd was quantified by percent removal calculated 
for each sample from the following equation:
% Removal = —  — - (Equation 3.4)
Q>
where Co is the initial sediment PCB concentration and C is the final PCB 
concentration after treatment. Initially dechlorination was calculated by using the 
average of two to three control samples as the initial concentration. This was 
problematic as some samples resulted in negative dechlorination indicating that 
the final PCB concentration was greater than the initial and thus PCB were 
formed not dechlorinated. The formation of PCBs by Mg/Pd was illogical and 
thus the problem was identified to lie in the initial concentration value. Due to
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extensive heterogeneity in the sediment PCBs are not uniformly distributed in the 
sediment and thus their concentrations can vary from sample to sample.
Although all sediment samples were mixed manually for homogenization some 
samples still had “hot spots” which are sediment areas with higher PCB 
concentrations than the rest of the sediment samples. Samples with negative 
dechlorination values had greater initial and final PCB concentrations than the 
average of control samples used for the dechlorination calculation.
3.4. Laboratory Methods
3.4.1. Extraction and Concentration Methods
The extraction method was performed using EPA SW-846 Method 3550B:
Ultrasonic Extraction, for the extraction of nonvolatile and semivolatile organic
compounds, such as PCBs, from soils. This method allowed the PCBs in the
sediment to transfer into a solvent by ultrasound energy emanated from a
sonicator. The ultrasonicator is model Sonicator Ultrasonic Processor XL by
Misonix Incorporated with two horns each of 0.5 inch diameter. The powdered
dried samples were added to a 1:1 n-hexahe: acetone HPLC grade extraction
solvent. Enough solvent was added, approximately 40 mL, to allow the sonicator
horn to be 1 cm from the top of the sediment and still be submerged for a total of
approximately 2 cm of solvent height above the sediment. The sonicator was
programmed for sonication intervals of ON and OFF at 1 second each for 3
minutes at a power of 6. Two samples were placed at a time, one under each
sonicator horn. Samples were sonicated three times with new extraction solvent
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added before sonication. After each sonication cycle the solvent was decanted 
into a glass funnel lined with Whatman No. 41 filter paper and filled with 1 inch of 
sodium sulfate to capture any remaining water. The filtered solvent was 
contained in a 200ml_ Zyrrnax® concentrator tube. At the end of the third 
sonication the decant and sediment were added into the funnel and rinsed with 
HPLC grade hexane. The sample beaker was also rinsed with hexane and the 
rinsate added to the funnel.
Sonication was followed by concentration of the sample solvent to 1 mL 
with ultra pure nitrogen gas in a turboevaporator model TurboVap II by Zyrrnax®. 
Zyrrnax® concentrator tubes were placed inside the Turboevaporator water bath 
of 35 degree Celsius and set to “sensor” endpoint to indicate when the sample 
volume approximated 1 mL. Each sample took approximately 30 minutes 
depending on the sample volume. The turboevaporator works by vortexing a 
steady stream of nitrogen gas inside the concentrator tube evaporating the 
solvent but maintaining the PCBs and other organic components in the liquid 
phase. As the solvent reduced to 1 mL the PCBs were concentrated within that 
volume. Samples were removed and covered with aluminum foil once a volume 
of 1 mL was achieved. The concentrate was then transferred to a 40 mL clear 
TOC vial using a Pasteur glass pipette. The concentrator tube was rinsed twice 
with 1 to 2 mL of HPLC grade hexane and the rinsate transferred to the vial with 
the sample. The vial was capped and placed in the freezer in order to be cooled 
for the cleanup step.
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3.4.2. Sample Cleanup Method
Sample cleanup is important for sediment derived samples because 
organic matter from the sediment can interfere with PCB peaks as well as foul 
the Gas Chromatography column. Two sample cleanup methods were used.
EPA SW-846 Method 3665A: Sulfuric Acid/Permanganate Cleanup was used for 
all samples except those that contained either d-Limonene® or Citrus Burst 2® 
which used EPA SW-846 Method 3630C: Silica Gel Cleanup. The silica gel 
cleanup method was necessary for the two citrus solvents due to their high 
reactivity with the sulfuric acid used in method 3665A.
EPA SW-846 Method 3665A: Sulfuric Acid/Permanganate was used to 
remove interfering organics from the sediment. Due to the heat generated from 
the sulfuric acid (H2 SO 4 ) addition, the samples had to be chilled in the freezer 
before the cleanup step could be performed. 4 mL of concentrated H2 SO 4  were 
added to the chilled samples, capped and shaken on the vortex rotary shaker for 
30 seconds to 1 minute. After the sample had separated into two phases, 
consisting of a top layer of hexane and PCBs and a bottom sulfuric acid layer 
with the oxidized organic content, the hexane layer was observed for clarity. If 
the hexane layer was clear it was removed using a Pasteur glass pipette and 
transferred to a 10 mL glass volumetric flask. If the hexane layer still looked 
cloudy an additional 2 mL of H2 SO 4  was added to the sample and shaken. This 
was repeated until the hexane layer became clear.
For samples that contained either of the citrus solvents EPA SW-846 
Method 3630C: Silica Gel Column Cleanup was used. Pre-made Sep-Pak® Vac
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Silica cartridges with a layer of sodium sulfate from Waters Corporation were 
used with characteristics listed on Table 3.1.
Table 3.1. Characteristics of Sep-Pak Silica gel columns.
Weight 5g
Particle Size 55-105|Lim
Type of Cartridge syringe barrel
pH range 0-8
Pore Size 125 A
The silica was activated before use by placing the cartridges in a 105°C 
oven overnight. The cartridges were then removed from the oven and placed 
inside a desicator to cool until ready to be used. Before adding the sample the 
cartridges were rinsed with 10 mL pesticide grade hexane and the elute 
discarded. The sample extract was transferred onto the syringe as well as the 
rinsate from the sample vial being rinsed twice with 1 to 2 mL of hexane. A total 
of 140 mL hexane was added to elute the PCBs from the column onto Zyrrnax® 
concentrator tubes. The elute was concentrated again to 1 mL following 
concentration procedure described earlier.
Following either cleanup method the sample extracts were transferred to a 
glass volumetric flask and diluted to 10 mL with pesticide grade hexane. The 
diluted samples were transferred to amber glass 16 mL vials with Teflon lined 
caps to be stored in the freezer until ready to be run on the GC.
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3.5. Data Quantization and Analysis
Gas chromatographic analysis was used to quantify PCB concentrations 
from samples using EPA Method 1668, Revision A: Chlorinated Biphenyl 
Congeners in Water, Soil, S>ediment, and Tissue by HRGC/HRMS. All extracts 
were analyzed using a Varian CP3800 Gas Chromatograph (GC) / Saturn 2200 
Ion Trap Mass Spectrometer (MS) with a CP8400 Autosampler. The instrument 
is maintained according to manufacturer’s instructions. The MS was run in 10 
segment breaks based on PCB homolog groups. The chromatography column 
was a DB-5 type capillary column (Varian Factor Four VF-5ms), 30m long, 
0.25mm ID, and 0.5pm thick. The MS used an ion-trap detector and was 
operated in selected ion scan mode (MS/MS) for analyses. The column oven 
temperature program for PCB analysis started at 40°C (held 2 minutes), ramped 
to 184°C at a rate of 12°C/nninute, then to 280°C at a rate of 4°C/minute, and 
finally to 300°C at a rate of 8°C/minute, with a final hold for 4.5 minutes.
The GC samples were prepared for a total volume of 1.4 mL in GC vials 
by adding 0.4 mL or 1 mL sample extract, depending on the calibration curve, 
and pesticide grade hexane for the remaining volume. The samples were run 
with a hexane blank, 2 ppm decachlorobiphenyl (BZ #209) standard, calibration 
standard readbacks before, in the middle and at the end of the run. The internal 
standard 2,4,5,6 -Tetrachloro-m-xylene was not used due to its coelution with a 
PCB peak. A calibration curve was prepared from three concentrations of 10 
parts per billion (ppb), 100 ppb and 1000 ppb calibration standards that consisted 
of all 209 PCB congeners.
72
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Congener specific data was obtained from GC/MS in the form of 
chromatograms with retention time in minutes on the x-axis and abundance in 
counts on the y-axis (Figure 3.4). Chromatogram peak area was integrated and 
the PCB mass in picograms was calculated using the equation of the calibration 
curve through MS Workstation software. Since no internal standard was used 
the calibration curve was an external curve forced through zero consisting of 98 
to 100 peaks of individual and grouped PCB congeners (Table 3.2). Final PCB 
concentrations in pg/g or ppm were calculated by dividing the PCB mass in pg by 
the dry weight of the original sediment sample in g.
Chromatogram Plot
File: ..._04-28-0©cateurve_05-01-06\cs 1000ppb2-22 5-1-2006 2;32;18pm.sms
Sample: C S 1000ppb 2-22
Scan Range: 1 - 6417 Time Range: 0.00 -  44.99 mln.
Operator:
Date: 5/1/2006 5:32 PM
■s-2906 2.32ASPMSVS 2£C0C£NTr<OID RAv'
I f  h f  i l
II t'.©!; Qi :
ib i ) k 4> ....................... ‘ ‘ 3<5 ........................................ 4b routes
Sag 2, HO | Seg3, Ht, HZTr»:16.50-20.90| Sag 4, H2, H3 | Seg5,H3, H4.H5 | Sag 6, H4, H5, H6 | Sag 7, H5, re, H7, Time: 31.12-39.00, Et-Auto-KflM j Seg 8.H7.HS, Hi | S6g9,H10
1*5 23l21 3*1 4dt>2 4&4 56*22 Scans
Figure 3.4. Chromatogram for 1000 ppb calibration standard ran on May 1, 2006.
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Table 3.2. PCB congener(s) peaks and retention times from GC/MS. The
number of peaks and retention times are not generalized but were 








1 17.230 1 51 30.500 116,111,117,115,87,145,136
2 18.495 2 52 30.728 81,82, 85
3 18.671 3 53 30.861 148, 154
4 19.211 4, 10 54 30.970 110
5 20.138 7, 9 55 31.188 77
6 20.517 6 56 31.429 151, 120
7 20.776 5, 8 57 31.652 144,135
8 21.323 14 58 31.768 147,124
9 21.476 19 59 31.961 123, 107,108, 149, 139
10 21.748 30 60 32.167 140, 106, 118
11 22.124 11 61 32.358 143,134, 142
12 22.429 12, 18, 13, 17 62 32.669 131,133, 132, 114, 122, 188,161,146
13 22.735 15 63 33.006 184
14 22.766 27,24 64 33.085 165, 153
15 23.118 16, 32 65 33.228 168
18 23.476 34, 23 66 33.385 105,127
17 23.658 29,54 67 33.665 141,179
18 23.898 26, 25 68 33.931 137,176, 130
19 24.112 50 69 34.225 163, 164, 138, 160, 158, 186
20 24.289 31,28 70 34.514 178
21 24.611 53, 21,20, 33 71 34.629 129
22 24.829 51 72 34.774 175, 126
23 25.014 22 73 34.921 166,187,182
24 25.143 45 74 35.074 159
25 25.264 36 75 35.168 183
26 25.484 46, 69, 73 76 35.324 128
27 25.674 39, 52, 43 77 35.538 162, 167
28 25.839 49 78 35.696 185
29 25.957 48, 47, 75, 65, 62 79 36.041 181,174
30 26.284 104 80 36.263 177, 202
31 26.596 38, 35, 44, 59,42 81 36.453 171
32 26.965 37, 41,71 82 36.655 156, 201, 173, 204, 157
33 27.074 72, 64, 68 83 36.930 192, 172
34 27.289 96, 103 84 37.020 197
35 27.407 40 85 37.273 193, 180
36 27.468 57 86 37.471 191
37 27.570 94 87 37.763 200
38 27.759 67, 58 88 38.350 169
39 27.872 100, 63 89 38.535 190, 170
40 28.102 61,74 90 38.630 198
41 28.310 98,102, 93, 76, 70, 91, 95, 66, 80, 88 91 38.747 199
42 28.644 121 92 39.008 203, 196
43 28.865 55155 93 39.713 189
44 29.111 89, 56, 60 94 40.037 208
45 29.408 84, 90,92,101,113 95 40.167 195
46 29.581 99 96 40.362 207
47 29.848 79, 83,150, 112 97 40.898 194
48 30.027 109,119 98 41.053 205
49 30.176 152, 78 99 42.280 206
50 30.311 97, 86,125 100 43.591 209
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CHAPTER 4
RESULTS AND DISCUSSIONS
This research focused on achieving and optimizing PCB dechlorination in 
sediments with the reducing agent Mg/Pd. The optimization of PCB 
dechlorination with Mg/Pd in marine and freshwater sediments focused on: (1) 
desorption limitation, (2) dechlorination optimization, (3) solvent addition, and (4) 
mixing optimization.
4.1. General Sediment Characteristics
Real PCB-contaminated aged sediments were selected to conduct this 
research instead of spiking PCBs into fresh sediments to obtain a better sense of 
how the technology would behave in real contaminated sediments. The selected 
sediments from NBH, HSR and HUR offered a range of sediment characteristics 
and PCB concentrations as shown in Table 4.1. The data in Table 4.1 was 
obtained throughout numerous experiments, is specific to the sediment used and 
may not represent the overall characteristics of the contaminated site where the 
sediments came from.
The HUR and NBH sediments were very similar in soil composition as well 
as PCB concentrations. Both had high organic and water contents in respect to
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the HSR sediment, with HUR having the highest of 6.42% and 62.64%, 
respectively. They were very similar in composition which consisted of mostly 
silts and clays, whereas the HSR consisted of sandy soil (sediment composition 
was classified visually). The NBH sediment had the highest PCB concentration 
of an average of 125.59 ppm and a maximum of 287.39 ppm (Table 4.1). The 
HUR sediment followed with an average concentration of 146.92 ppm and a 
maximum of 166.48 ppm. The HSR had the lowest PCB concentration of the 
three sediments with an average of 14.37 ppm and a maximum of 156.81 ppm. 
Most HSR samples had concentrations below 15 ppm thus the maximum 
concentration was from one sample only that might have had a “hot spot”. Due 
to the high PCB concentrations in the NBH sediment and its high organic and 
water contents it would be one of hardest sediment to remediate and thus was 
used to conduct the majority of the experiments.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.








Sediment Type freshwater freshwater marine
Sediment Inorganic
Composition sand silt / clay silt / clay
Organic Content
Average 3.18% 19.20% 11.63%
Maximum 3.19% 19.23% 11.98%
Minimum 3.18% 19.17% 10.95%
Water Content
Average 20.16% 62.64% 56.96%
Maximum 24.58% 62.70% 68.52%
Minimum 14.92% 58.66% 49.42%
PCB Concentration (ppm)
Average 14.37 146.92 125.59
Maximum 156.81 166.48 287.39
Minimum 1.15 137.23 65.90
* PCB concentrations were based out of 15 samples for the Housatonic River, 4 
samples for the Hudson River and 78 samples for the New Bedford Harbor.
4.2. Desorption
In order to dechlorinate a PCB molecule in the sediment it must be 
accessible to the Mg/Pd particle. Desorption experiments were conducted to 
evaluate whether PCB availability in sediments would be a limiting factor for PCB 
dechlorination by measuring how much PCB desorbed from two different 
sediment sources into water over a period of 50 days. If dechlorination occurred 
faster than desorption then desorption would not be rate-limiting. A congener- 
specific data analysis was conducted to see whether there would be possible
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congeners that would be more resistant to desorption and thus less accessible to 
be dechlorinated.
Sediments from NBH and HSR were placed in 150mL beakers to which 
deionized water and Tenax beads were added. These sediments were selected 
to obtain diversified PCB concentrations and sediment characteristics. In this 
experiment the NBH sediment had a concentration of 114 ppm and water content 
of 58.64%. The HSR sediment had a PCB concentration of 3.16ppm and water 
content of 24.58%. Each sediment consisted of triplicate samples and a control 
blank batch that had neither added water nor Tenax, resulting in 8 samples per 
sampling event. Tenax beads were added to the samples to serve as a sink for 
the desorbed aqueous PCBs from sediment. The beads were removed and 
replaced with fresh ones at 1, 2, 5, 12, 19, 26, 33, and 50 days. In the last 
sampling, day 50, Tenax beads were collected but were not replaced with fresh 
ones. The water was decanted and the sediment in the sample was analyzed for 
remaining PCBs. Data analysis for each sediment was based on the average of 
the triplicate samples.
4.2.1. Overall Cumulative Percent Desorption
The total PCB concentration desorbed at the end of the experiment from 
HSR was 0.784ppm which corresponded to 24.8% of the initial concentration of 
3.16ppm. For NBH the total PCB concentration desorbed was 7.05ppm 
corresponding to 6.18% of the initial concentration of 114.0ppm. Although the
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NBH sediment had lower percent desorption than the HSR sediment it had a 
much greater PCB mass desorbed (Figure 4.1).
The HSR cumulative desorption over time followed a biphasic desorption 
behavior consisting of a rapid phase (labile) for the first 5 days with a cumulative 
desorption of 21.5%, and a slow phase (non-labile) for the remainder of the 
experiment. The biphasic desorption behavior reflected similar desorption 
behavior reported in literature (Dunnivant et al., 2005; Griffiths, 2004; Gong et al., 
1998; van Noort et al., 2003). Triphasic desorption has been recently reported 
however this experiment may not have been long enough to observe a third 
phase (Ten Hulscher, 1999; van Noort et al., 2003). The change in phases was 
reflected by a rapid slope change in the desorption curve after day 5. Similar 
desorption curve behavior has been reported by Dunnivant et al. (2005) in which 
the change between the labile and non-labile portions of the desorption curve 
occur slightly before the fifth day.
NBH sediment did not have noticeable slope change in the desorption 
curve as the HSR curve (Figure 4.1). This could indicate that either the slow 
desorption phase had not been reached, or that a longer time period was needed 
in order to differentiate between the two phases. NBH’s longer labile phase is an 
indication of how much more strongly the PCBs were sorbed to the sediment in 
comparison to HSR. NBH sediment’s stronger PCB sorption could be due to its 
high organic content, high silt/clay content, aging effect or a combination of the 
three, all of which have been shown in literature to affect sorption (Cornelissen et 
al., 1998; Huang et al., 1997; van Noort et al., 2003).
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Figure 4.1. Cumulative average percent PCBs desorption from two sediments.
This work was done to better understand the significance that desorption 
kinetics may have on dechlorination efficacy. Highly sorbed PCBs in the non- 
labile phase may be significantly resistant to dechlorination because the slow 
desorption in this phase will exceed the reactivity of the Mg/Pd. Dechlorination 
would have to occur quicker than desorption for optimum remediation.
4.2.2. Congener Specific Desorption
The data results from GC/MS yield congener specific data which allowed 
observing how congener characteristics affected desorption. Out of the 209 
congeners there were only 99 peaks of which one peak corresponded to the 
surrogate standard decabiphenyl (BZ#209). BZ#209 is not normally present in 
the environment and thus was used as a surrogate. Only a few peaks 
corresponded to single congeners whereas most congeners coeluted under one
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peak. In the HSR sediment only 27 peaks desorbed (Table 4.2) whereas 55 
desorbed for the NBH sediment (Table 4.3). Both sediments may not have 
originally contained all 208 congeners however NBH sediment seemed to have 
more desorbed congeners than HSR. HSR shared the same desorbed 
congeners as NBH except for congeners 11, 31/28, 177, 199 and 203/196 which 
were present in HSR but not in NBH. The concentrations for the NBH congeners 
were almost two orders of magnitude greater than for HSR.
4.2.3. Days with Highest Percent Desorption
The desorbed PCB mass at each sampling event was divided over the 
total desorbed mass for each congener to yield percent mass desorption per 
sampling event (Table 4.2 and 4.3). The percent mass desorbed for each 
congener peak was plotted for HSR sediment in Figure 4.2 and Figure 4.3 for 
NBH, where the x-axis list all the desorbed congeners and the y-axis is the 
percent mass desorbed per sampling event for each congener(s). The percent 
summation of the sampling events desorption for each congener(s) peak is 
100%.
Out of the 7 sampling days, day 1 had the highest number of congeners 
desorbed for both sediments. In HSR, 24 out of the 27 congeners desorbed 
mostly on day 1. Out of these, 9 desorbed only on this day and congener 11 
desorbed completely so that no mass was detected in the sediment at the end of 
the experiment. In NBH, 21 out of the 55 congeners partially desorbed on day 1 
and continued desorbing throughout the rest of the days. Figure 4.2 and 4.3
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show the days with highest percent and concentration (ppb) desorbed per 
congener(s). The reason that HSR had more congeners desorbing on the first 
day when compared to NBH is that the HSR sediment was mostly sand with 
lower organic content. The PCBs in the HSR were more available on the surface 
of the sediment particle and thus desorb more quickly into the water column. 
Conversely the NBH sediment had much greater organic and clay and silt 
contents which sorbed the PCBs more strongly making it more difficult for them 
to desorb. One particular example that demonstrates this is the desorption 
behavior of congener 99 in both sediments. In HSR this congener desorbed only 
on day 1 whereas in NBH, although the highest percent desorption was on day 1, 
it continued to desorb throughout the full experimental period. This behavior was 
also true for congener peaks 49/48/47/75/65/62, 56/60/89 and 161/146 (Table 
4.2 and 4.3). Overall, the HSR had only 9 congener groups that desorbed past 
day 5. NBH only had congener groups 77, 181/174 and 193/180 that stopped 
desorbing after day 5.
Congeners 1 and 181/174, however, had the same desorption behavior in 
both sediments in which congener 1 began desorbing and congeners 181/174 
stopped desorbing after day 5. The congener group 81/82/85/148 had opposite 
desorption behavior where in the HSR it began desorbing only after the day 5 
whereas in the NBH it began on the very first day. It is interesting to note that 
congener 81 from this group has a coplanar geometry and could explain the 
difference observed in desorbing behavior. Congener 81 may have been present 
in HSR thus being released later whereas the other congeners may have been
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present in greater quantities in NBH thus were released earlier. Due to the 
coelution of the four congeners it is difficult to prove which congeners were 
responsible for desorption in both sediments.
In NBH most of the congeners began desorbing from day 1, but 14 groups 
did not begin until after day 12. Congeners 137/130/176 and 167/185 were 
found only on day 19 and 109/119 on day 50. Congeners 36 and 77 were only 
found on days 19 and 50 and days 26 and 33, respectively. Other congener 
groups that also had sporadic desorption behavior included 19, 36, 45, 67/58, 
110/154, 147, 126/175/166/187/182, 162 and 156/201/173/204/157 (Table 4.3).
Table 4.2. Housatonic River sediment average percent mass desorbed per
sampling event of total congener desorbed mass. Percents in bold 
correspond to the highest amount desorbed out of the 50 days.
Congener(s) Peak Percent Mass of Total Desorbed Mass per Sampling Event days)
1 2 5 12 19 26 33 50
1 0% 0% 0% 27% 18% 15% 8% 31%
11 100% 0% 0% 0% 0% 0% 0% 0%
031/028 53% 35% 12% 0% 0% 0% 0% 0%
021/053/020/033 75% 0% 25% 0% 0% 0% 0% 0%
039/052/043 46% 28% 26% 0% 0% 0% 0% 0%
049/048/047/075/065/062 100% 0% 0% 0% 0% 0%. 0% 0%
038/035/044/059/042 51% 34% 15% 0% 0% 0% 0% 0%
041/071/072/064/068 100% 0% 0% 0% 0% 0% 0% 0%
98/102/76/93/70/91/95/66/80/88 47% 25% 21% 3% 0% 1% 1% 2%
056/060/089 100% 0% 0% 0% 0% 0% 0% 0%
090/092/101/113 48% 24% 12% 6% 0% 0% 5% 5%
99 100% 0% 0% 0% 0% 0% 0% 0%
152/078/097/086/125 100% 0% 0% 0% 0% 0% 0% 0%
081/082/085/148 0% 0% 0% 29% 29% 9% 8% 25%
151/120 58% 19% 23% 0% 0% 0% 0% 0%
144/135 72% 28% 0% 0% 0% 0% 0% 0%
124/123/149/139/107/108 35% 19% 20% 9% 5% 4% 4% 4%
140/106/118 63% 0% 30% 0% 0% 0% 7% 0%
161/146 100% 0% 0% 0% 0% 0% 0% 0%
165/153/168 36% 19% 19% 9% 5% 3% 5% 4%
141/179 26% 27% 47% 0% ' 0% 0% 0% 0%
163/164/138/160/158/186 51% 20% 17% 5% 0% 1% 3% 2%
181/174 56% 30% 14% 0% 0% 0% 0% 0%
177 100% 0% 0% 0% 0% 0% 0% 0%
193/180 43% 24% 26% 4% 2% 0% 2% 0%
199 100% 0% 0% 0% 0% 0% 0% 0%
203/196 100% 0% 0% 0% 0% 0% 0% 0%
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Table 4.3. New Bedford Harbor sediment average percent mass desorbed per 
sampling event of total congener desorbed mass. Percents in bold 
correspond to the highest amount desorbed out of the 50 days.
Percent Mass of Total Desorbed Mass per Sampling Event idays)
Congener(s) Peak 1 2 5 12 19 26 33 50
1 0% 0% 0% 48% 25% 9% 0% 18%
004/010 5% 0% 14% 20% 16% 13% 10% 21%
6 0% 0% 0% 29% 20% 16% 12% 23%
005/008 7% 0% 12% 23% 17% 13% 10% 18%
19 0% 0% 0% 36% 0% 26% 0% 38%
012/018/013/017 18% 6% 13% 11% 18% 8% 11% 16%
015/027/024 0% 0% 0% 24% 18% 19% 14% 25%
016/032 11% 0% 9% 19% 20% 12% 10% 20%
026/025 16% 0% 15% 19% 15% 11% 7% 17%
031/028 14% 4% 11% 18% 15% 12% 11% 15%
021/053/020/033 12% 5% 12% 18% 14% 12% 10% 16%
22 13% 5% 12% 17% 14% 13% 10% 16%
45 0% 0% 0% 34% 30% 0% 0% 35%
36 0% 0% 0% 0% 51% 0% 0% 49%
039/052/043 15% 5% 11% 16% 15% ' 11% 10% 16%
049/048/047/075/065/062 20% 7% 11% 14% 12% 12% 10% 13%
038/035/044/059/042 15% 6% 9% 16% 16% 13% 7% 18%
37 17% 8% 9% 18% 14% 13% 12% 10%
041/071/072/064/068 16% 5% 13% 17% 16% 8% 13% 12%
040/103 16% 0% 8% 12% 21% 17% 6% 21%
067/058 62% 0% 0% 0% 0% 38% 0% 0%
74 56% 7% 37% 0% 0% 0% 0% 0%
061/074 0% 0% 0% 24% 22% 18% 20% 17%
98/102/76/93/70/91/95/66/80/88 21% 6% 13% 12% 13% 11% 12% 11%
121 19% 3% 10% 16% 15% 12% 14% 11%
056/060/089 16% 0% 10% 18% 18% 15% 15% 9%
84 19% 0% 9% 17% 17% 11% 13% 14%
090/092/101/113 14% 4% 8% 17% 17% 13% 15% 11%
99 20% 6% 11% 15% 14% 11% 13% 9%
079/083/150/112 23% 0% 14% 16% 13% 12% 13% 9%
109/119 0% 0% 0% 0% 0% 0% 0% 100%
152/078/097/086/125 22% 5% 12% 11% 13% 11% 13% 12%
116/111/145/117 0% 0% 0% 26% 22% 15% 21% 16%
081/082/085/148 11% 0% 4% 12% 35% 6% 7% 25%
110/154 0% 0% 28% 0% 42% 0% 31% 0%
77 0% 0% 0% 0% 0% 38% 62% 0%
151/120 34% 16% 20% 11% 0% 9% 0% 11%
144/135 29% 0% 19% 10% 18% 12% 3% 10%
147 0% 0% 0% 56% 0% 44% 0% 0%
124/123/149/139/107/108 22% 10% 14% 13% 12% 10% 13% 7%
140/106/118 27% 8% 14% 13% 11% 10% 11% 7%
143/134 0% 0% 0% 33% 26% 0% 27% 13%
142/131/114/133/132/188/122 0% 0% 0% 34% 20% 20% 26% 0%
161/146 19% 0% 11% 19% 17% 10% 15% 8%
165/153/168 20% 10% 13% 13% 13% 11% 13% 7%
105/127 17% 6% 12% 18% 11% 13% 13% 10%
141/179 22% 12% 45% 3% 9% 2% 4% 2%
137/130/176 0% 0% 0% 0% 100% 0% 0% 0%
163/164/138/160/158/186 21% 10% 17% 15% 7% 8% 15% 6%
126/175/166/187/182 0% 0% 67% 0% 0% 5% 28% 0%
162 64% 0% 0% 16% 19% 0% 0% 0%
167/185 0% 0% 0% 0% 100% 0% 0% 0%
181/174 40% ■ 38% 22% 0% 0% 0% 0% 0%
156/201/173/204/157 60% 0% 0% 0% 0% 0% 40% 0%
193/180 36% 32% 31% 0% 0% 0% 0% 0%
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4.2.4. Homoloq Specific Desorption
The desorbed congeners were grouped by homologs to analyze how 
amount of chlorination affected desorption. Because many congeners of 
different homologs coeluted under the same peak it was not possible to separate 
each individual peak into separate homologs thus some groups have more than 
one homolog. For example, in peak 15/27/24, congener #15 is in homolog 
dichlorobiphenyl (di-) whereas congeners #24 and #27 fall in the trichlorobiphenyl 
(tri-) homolog. Therefore this peak was categorized with both homologs as di/tri. 
Percent homolog desorption was calculated by adding the concentrations for the 
PCBs in that homolog and dividing the sum of desorbed concentrations by the 
sum of concentrations remaining in the sediment. The results for both sediments 
are discussed below.
In the HSR 100% of the mono- and di- homologs desorbed completely 
from the sediment so that there were no PCBs from these homologs found on the 
sediment at the end of the experiment (Figure 4.4). These PCBs have one and 
two chlorines, respectively, and thus were more easily desorbed from the 
sediment than the more chlorinated homologs. However, their PCB 
concentrations of 15 ppb and 5 ppb, respectively, were also one of the lowest. 
Although PCBs in these two fractions desorbed completely they represented only 
a small fraction of 3% of the total PCBs desorbed. The tri- homolog had the 
second highest desorption with 93% but it too had a small concentration of 15 
ppb. The low concentrations and fast desorption of lower chlorinated homologs 
is consistent with weathered samples in which the majority of these homologs
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have already been desorbed. The homolog group tri-/tetra- had a total of 58% 
followed by tetra-/penta- with 49% and the highest desorbed PCB concentration 
of 132 ppb for this sediment. The homolog groups tetra-, penta-, tetra-/penta- 
/hexa and octa- had percent desorption from 18% to 27% but these 
corresponded to PCB concentrations from 10 ppb to 44 ppb. However, 
homologs penta-/hexa-, hexa-, hexa-/hepta- and hepta- although the percent 
desorption ranged from 25% to 31% these corresponded to much greater PCB 
concentrations of 95 ppb to 131 ppb. These homologs are higher chlorinated 
PCBs and were present in larger concentrations than the less chlorinated 
compounds thus were more difficult to desorb. The low concentrations and fast 
desorption of lower chlorinated homologs is consistent with weathered samples 
in which the majority of these homologs have already been desorbed with higher 
chlorinated homologs remaining at much greater concentrations.
The NBH had less percent of PCBs desorb per homolog than the HSR but 
the desorbed concentrations were much higher. Unlike the HSR the homologs 
mono- and di- desorbed at 40% and 17%, respectively, (Figure 4.5). Although 
the mono- homolog had the highest percent desorption from the entire homolog 
group it also corresponded to the lowest desorbed concentration of 9 ppb. The 
di- homolog was equivalent to 213 ppb. The homologs di-/tri- to tetra-/penta-, 
penta- and penta-/hexa- had the highest desorbed concentrations of 623 ppb to 
1303 ppb. However, these were only 4% to 10% of the total amount of PCBs 
desorbed per homolog group. Homologs tetra-/penta-/hexa-, penta-/hexa-/hepta 
to hepta- had desorption percents of 4% to 5% and desorbed at concentrations
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of 21 ppb to 223 ppb. The later groups higher chlorination and the sediment’s 
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Figure 4.4. Total PCBs desorbed by percent homolog (bars) and homolog 
concentration (diamonds) for Housatonic River sediment.
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Figure 4.5. Total PCBs desorbed by percent homolog (bars) and homolog 
concentration (diamonds) for New Bedford Harbor sediment.
4.2.5. Un-Desorbed Homoloqs
The concentrations of desorbed homologs were compared to the un­
desorbed concentrations of the same homologs. The un-desorbed 
concentrations was what remained in the sediment at the end of the experiment 
after 50 days of desorption. In general it can be seen that the HSR had much 
more percent mass desorb than the NBH but with much smaller concentrations. 
In this sediment all of the lighter, less chlorinated congeners in the mono- to tri­
homologs were able to desorb almost completely (Figure 4.6). PCBs in the tri- 
/tetra- and tetra-/penta- homologs had almost the same amount desorbed as un- 
desorbed. The remaining homologs, which were the more chlorinated
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compounds, desorbed at approximately one third of the total concentration.
There were 26 congener groups that were present in the sediment but did not 
desorb at all during the entire experiment (Table 4.4). Five of these were within 
the 4 homolog groups penta-/hexa-/hepta-, hexa-/hepta-/octa-, hepta-/octa- and 
nona- that did not have any desorbing PCBs (Table 4.5). Three other congeners, 
26/25, 189 and 208/195, were not listed because they were found only in control 
samples but were not found on the desorbing samples neither in the Tenax nor in 
the remaining sediment. Congener 208/195 had an average concentration of 
280.95 ppb but it was not present at all in the sediments used for desorption. 
These highly chlorinated compounds may have been less available because they 
are more highly sorbed to the SOM and thus may be more difficult to desorb.
The NBH sediment had less percent of PCBs desorb per homolog than 
HSR. Unlike in the HSR where the majority of the un-desorbed congeners were 
between the penta- and hepta- homologs, in the NBH the majority were in the tri- 
to penta-/hexa- homologs. In the HSR a higher percent of the PCBs are more 
highly chlorinated homologs whereas in NBH they are low to mid chlorinated 
PCBs (Figure 4.7). The homolog with the highest percent desorption in NBH was 
mono- with 40% followed by the di- to tri- groups from 10% to 16% (Table 4.6). 
Thus the even lighter, less chlorinated congeners were not able to desorb as 
easily as in the HSR. The remaining homologs desorbed in the range of 3% to 
7%. There were 18 congeners that did not desorb during the experiment (Table 
4.6) of which 3 corresponded to the homologs hepta-/octa- and octa- that did not 
have any desorbing PCBs (Table 4.7). Similarly in the HSR there were 5 un-
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desorbed congeners, 3, 46, 195, 194 and 206, that were found only on the 
controls but not on either the aqueous or sediment concentrations of the samples 
used for desorption. Congener 46 had an average concentration 198.15 ppb 
whereas as the other had concentrations less than 9.0 ppb. The desorption 
experiment demonstrated that sediment characteristics had a strong influence on 
the availability of lighter congeners but in general highly chlorinated congeners 
were strongly sorbed to the sediment and thus less able to desorb.
□ Total Cone PCB Desorbed per Homolog 
■  Total Cone PCB Un-Desorbed per Homoiog
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Figure 4.6. Housatonic River total concentration of PCBs desorbed and un- 
desorbed per homolog(s).
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Figure 4.7. New Bedford Harbor total concentration of PCBs desorbed and un- 
desorbed per homolog(s).
□  Total Cone PCB Desorbed per Homolog(s)
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Table 4.4. Housatonic River congener(s) that did not desorb. Congeners in bold 
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Table 4.5. Housatonic River total average PCB concentration (ppb) of desorbed 
and un-desorbed PCBs per homolog(s). Homolog(s) in bold were 
present in the sediment but did not desorb.
PCB Concentration (ppb) Total
Percent 
Desorbed (%)Homolog(s) Group Desorbed Un-Desorbed
Mono 15.18 0.00 100%
Di 5.02 0.00 100%
Tri 15.00 1.21 93%
Tri/Tetra 88.72 64.38 58%
Tetra 9.62 51.76 16%
Tetra/Penta 132.22 136.99 49%
T etra/Penta/Hexa 15.69 45.17 26%
Penta 44.12 278.38 14%
Penta/Hexa 131.41 444.28 23%
Penta/Hexa/Hepta - 173.38 0%
Hexa 95.41 315.62 23%
Hexa/Hepta 100.11 316.56 24%
Hexa/Hepta/Octa - 29.94 0%
Hepta 112.99 392.37 22%
Hepta/Octa - 10.57 0%
Octa 18.53 108.94 15%
Nona - 7.03 0%
Total 784.02 2,376.56
Table 4.6. New Bedford Harbor congener(s) that did not desorb. Congeners in 
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Table 4.7. New Bedford Harbor total average PCB Concentration (ppb) of
desorbed and un-desorbed PCBs per homolog(s). Homolog(s) in 
bold were present in the sediment but did not desorb.





Mono 9.15 13.67 40%
Di 213.32 1,088.36 16%
Di/Tri 651.14 5,561.30 10%
Tri 1,303.30 11,296.56 10%
Tri/Tetra 942.19 11,762.63 7%
Tetra 668.96 11,335.16 6%
Tetra/Penta 1,092.51 15,199.32 7%
Tetra/Penta/Hexa 197.82 3,715.38 5%
Penta 860.84 18,355.14 4%
Penta/Hexa 623.50 15,867.55 4%
Penta/Hexa/Hepta 20.95 361.19 5%
Hexa 222.58 5,804.05 4%
Hexa/Hepta 189.30 4,705.97 4%
Hepta 53.68 1,781.10 3%
Hepta/Octa - 24.84 0%
Octa - 119.07 0%
Total 7,049.24 106,991.29
4.3. Dechlorination
Dechlorination experiments were conducted with Mg/Pd in New Bedford 
Harbor sediment to study the effects of Mg/Pd mass and reaction time on 
dechlorination. An experiment was first conducted to see if PCB dechlorination 
with Mg/Pd was possible in NBH sediment. NBH sediment was chosen as the 
sediment of focus because it had the lowest percent desorption and it had the 
highest PCB concentration indicating that it would be more difficult to 
dechlorinate than the HSR sediment. Congener specific analysis was conducted 
on four samples to see whether the formation of byproducts was evident, as well 
as if highly sorbed congeners from the desorption experiment were undergoing
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dechlorination. Kinetic experiments were conducted to determine if 
dechlorination was influenced by time and Mg/Pd mass and to find the smallest 
mass of Mg/Pd able to dechlorinate effectively.
4.3.1. Initial Dechlorination with Mg/Pd in Sediment
An initial experiment was conducted to investigate the dechlorination 
performance of Mg/Pd in NBH sediment. Two duplicate 10 g wet sediment 
samples were each added 0.2 g Mg/Pd and 10 ml_ distilled water, and were 
placed on a shaker for 4 days. The average of three control samples was used to 
calculate the initial PCB concentration of 82.78 ppm. The average PCB 
concentration of the treated samples at the end of the 4 days was 64.44 ppm, a 
total average dechlorination of 22.2% and standard deviation of 5.06% (Figure 
4.8). This early result indicated that Mg/Pd was effective in dechlorinating PCBs 
in sediments with as little as 0.2 g in 10 g wet sediment. Further investigation 
continued to determine the maximum dechlorination achievable with minimum 
Mg/Pd and minimum time.
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Figure 4.8. Average PCB removal in NBH sediment treated with 0.2 g Mg/Pd for 
4 days.
4.3.2. Congener Specific Dechlorination Analysis
Congener specific dechlorination analysis was performed on two samples 
(samples 1 and 2) and their duplicates (1d and 2d) to determine whether 
dechlorination byproducts were forming, as well as if certain congeners were 
more resistant to dechlorination.
Dechlorination has been shown to occur stepwise where the 
dechlorination of highly chlorinated congeners forms lower chlorinated congeners 
(Korte et al., 2002). The formation of byproducts can be identified by comparing 
whether treated samples have higher masses of lower chlorinated congeners 
than their untreated controls, and would be indicated by negative percent 
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controls were dechlorinated in the treated samples including lower chlorinated 
congeners (Figure 4.9 and 4.10). There were a number of congeners present in 
greater amounts in some of the treated samples than in the controls as shown in 
Table 4.8. It is unknown whether the greater congener mass was due to the 
formation of the congener as a byproduct of dechlorination or variability in the 
sediment. However, it is unlikely that the presence of heavier congeners such as 
#189, a coplanar, is a result of dechlorination. Overall formation of dechlorination 
byproducts in NBH sediment was difficult to detect due to the general decrease 
in congener masses in the treated samples compared to the controls.
Table 4.8. NBH sediment samples with greater congener mass in treated 
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It was found that in the desorption experiment certain congeners did not 
desorb at all during the entire experiment and it was hypothesized that this was 
due to their inaccessibility in the sediment to the aqueous phase. It was 
unknown whether their dechlorination would be affected by their inaccessibility 
caused by their strong sorption to the sediment. Out of the 18 congener groups 
that were identified in NBH sediment to have remained in the sediment during the 
desorption experiment (Table 4.6) all but 3 congener groups, 63/100, 192/172 
and 189, were dechlorinated indicating that dechlorination was not desorption 
limited. These 3 congener groups had higher concentrations in the treated 
samples than in the controls but only in one of the total four samples. However, 
the higher concentration found in the treated sample may have been attributed to 
differences in the initial PCB concentrations between the treated and control 
samples. Overall, the congeners that were found to remain sorbed in the 
sediment in the desorption experiment were not limited and were dechlorinated 
successfully.
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4.3.3. Dechlorination Based on the Average of Controls
Initial dechlorination experiments were conducted with the assumption that 
the PCB concentration in all the samples was very similar. Before conducting an 
experiment the total mass of sediment needed was calculated and collected from 
the original 5 gallon bucket into a 500 mL beaker. It was then homogenized 
manually with a spatula and assumed that the PCB concentration was evenly 
distributed. In each experiment two to three samples that did not receive any 
treatment were set aside as the controls. The PCB concentration of these 
controls was averaged and used as the initial PCB concentration for all the 
treated samples to calculate percent dechlorination. This assumption added 
variability to the results but it was unknown whether the initial concentrations of 
the treated samples were all the same or if they were the same as the controls’ 
average. However, no direct methods of measuring PCB concentration in 
sediment exist without disturbing the sediment. The following Table 4.9 is a 
compilation from several experiments that used NBH sediment treated with 1g 
Mg/Pd at different durations and where dechlorination was calculated using the 
average of the control samples.
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Table 4.9. Compilation of New Bedford Harbor sediment samples treated with 1g 
Mg/Pd at different durations with dechlorination based on the 
average of controls. Samples from 24 to 48 hours used the same 


































































The samples from 24 to 48 hours were all done in the same experiment
and thus their dechlorination is based on one initial value of 115.28 ppm. PCB
concentration variability within sediments can be clearly seen from the range in
concentrations in the different control samples that were used to obtain the
115.28 ppm average. The lowest concentration was 97.24 ppm while the highest
was 142.50 ppm, a range of 45.26 ppm! This can greatly affect dechlorination
values. If the lowest concentration of 97.24 ppm was used to calculate the
average dechlorination of the last two 48 hour samples the dechlorination would
change from 37.3% to 25.71%. If the highest control concentration of 142.50
ppm was used the dechlorination would change to 49.30%. The uncertainty of
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each sample’s initial concentration and the assumption that it was the same as 
the control’s can greatly affect the dechlorination values and thus it is difficult to 
determine whether the dechlorination is affected by the treatment or by the initial 
concentration measured in the control samples.
For most samples treated with 1g Mg/Pd the dechlorination after 16 hours 
remained unchanged at approximately 30% dechlorination (Figure 4.11). There 
were some samples that showed lower dechlorination rates after 16 hours and 
were considered as outliers (25.2%, 7.1% and 9.3% in Figure 4.11). Statistical 
analysis by analysis of variance (ANOVA) in JMP Statistical Analysis Software 
version 5.1 performed on the treated samples showed that at 90% confidence 
interval, and with the outliers 25.2% at 16 hours, 7.1% at 24 hours and 9.3% at 
36 hours removed, found that the dechlorination from 16 hours to 48 hours was 
not significantly different (see Appendix A, Figure A.1). However, dechlorination 
at 2 hours was significantly different from the rest indicating that most of the 
dechlorination occurred from the moment the Mg/Pd was added to 16 hours. A 
series of kinetic experiments were then conducted in order to identify the time 
frame where most of the dechlorination occurred.
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Figure 4.11. Compilation of percent dechlorination for NBH treated samples with 
1g Mg/Pd at different reaction times.
4.3.4. Kinetic Experiment in Three Sediments
An initial kinetic experiment was conducted in three sediments to see how 
dechlorination kinetics was affected by the sediment characteristics. 5 g of 
Mg/Pd was added to 50 g dry weight of HSR, HUR and NBH sediments and 
samples were taken at 1 and 2 hours. The results indicated that dechlorination 
kinetics were highly dependent on sediment characteristics. The HSR sediment 
had the highest dechlorination from the three sediments at 67.6% in the first hour 
and 13.1% in the second hour (Figure 4.12). HSR sediment is mostly sand and 
has a lower water and organic content than the other two. This result correlates 
well with the desorption experiment which found that HSR had a much higher
106
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desorption rate than NBH. Greater desorption and dechlorination in the HSR 
sediment is evidence of the higher availability of the PCBs in the sediment 
matrix. This allowed the PCBs to be more easily desorbed from the sediment 
into the aqueous phase and the Mg/Pd particles to contact the PCBs more easily. 
Also, unlike the HUR and NBH sediments, the HSR had a much lower PCB 
concentration.
The HUR and NBH sediment had very similar dechlorination kinetics.
Both had lower dechlorination in the first hour at 19.8% and 13.3%, respectively, 
and higher dechlorination in the second hour at 39.8% and 29.6%, respectively. 
The kinetic dechlorination pattern may indicate that the PCBs are not as 
available on the sediment surface and thus require a longer time for the Mg/Pd 
particles to reach the PCBs. Overall, the NBH sediment had lower dechlorination 
than the HUR. The HUR sediment has a much higher PCB concentration, water 
content and organic content thus, it was hypothesized that the PCBs in this 
sediment would be less available for dechlorination than in the NBH. Unknown 
factor, such as the sediment source of marine versus freshwater, could be 
contributing the NBH sediment’s lower dechlorination.
The results for the HUR and NBH sediment reflect the findings from the 
data compilation of NBH sediment treated with 1 g Mg/Pd (Figure 4.12) in that 
the greatest dechlorination occurred in the second hour with a small 
dechlorination increase in the following hours. This indicates that the reaction 
occurs rapidly, especially evident in the HSR sediment, and that it may become 
rate-limited in the subsequent hours perhaps due to the loss of reactivity of the
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Mg/Pd or the physical limitations of the Mg/Pd particles to reach the more highly 
sorbed PCBs within the organic matter, or both. In order to focus at the effect of 
time and Mg/Pd mass on dechlorination kinetics an experiment was conducted 
with NBH sediment only at more sequential sampling events and three different 
masses of Mg/Pd. The NBH sediment was chosen due to its more recalcitrant 

















Housatonic River Hudson River 
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Figure 4.12. Percent PCB dechlorination for three sediments treated with 5 g 
Mg/Pd sampled at 1 and 2 hours.
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4.3.5. Kinetic Experiments with Different Mg/Pd Masses
Kinetic experiments were conducted on NBH sediment to determine how 
Mg/Pd mass would affect dechlorination kinetics and if smaller masses of Mg/Pd 
were able to achieve dechlorination at or greater than those observed with 1 g 
that had been used for most experiments. Three different Mg/Pd masses, 0.1 g, 
0.5 g and 1.0 g, were studied based on 10 g of wet weight sediment. Unlike 
previous experiments where each sample was individually treated, in this 
experiment the total sediment amount was placed in a 1 liter beaker, treated with 
Mg/Pd and 10 g subsamples were extracted at each sampling event. A total of 6 
sampling periods at 1, 2, 4, 8,12 and 24 hours were established for the samples 
with 0.1 g and 0.5 g Mg/Pd. The total sediment mass of used for these samples 
was 60 g. The total amount of Mg/Pd for the 0.1 g samples was 0.6 g and 3.0 g 
was used for the 0.5g samples. A one-to-one sediment to water ratio was used 
thus the total volume of water was 60mL. The 1g sample had 7 sampling periods 
at 1, 2, 4, 8, 12, 24 and 48 hours thus the total sediment mass, Mg/Pd and water 
used were 70 g, 7 g and 70 mL, respectively. The Mg/Pd was mixed with the 
water first before addition to the sediment and everything was mixed for a minute 
on a vortex shaker. All experiments were conducted in duplicates.
Several difficulties were encountered during this experiment. First, due to 
the size of the 1 liter beakers the samples were not able to fit on the shaker and 
thus were left static. All of previous experiments the samples were shaken for 
the duration of the experiment. Constant shaking keeps the Mg/Pd in contact 
with the sediment as well as allows the H2 gas created from the dechlorination
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reaction to be released. In this experiment gas formation was greater than 
expected due to the larger scale amounts of Mg/Pd and sediment used. As the 
gas formed and began to rise it also raised some sediment with it. The raised 
sediment was manually pushed back to the bottom of the beaker, however, the 
sediment continued to rise as gas formed for several hours making the sediment 
very aerated and less of a slurry. In previous dechlorination experiments the 
sediment had a more slurry consistency. The sediment in this experiment was 
expanded by the gas formation, which influenced the consistency of the mixture.
The amount of gas formation was visually measured by how much the 
sediment rose after the Mg/Pd-water mixture was added to the sediment and it 
seemed to depend on the amount of Mg/Pd. When the 3.0 g Mg/Pd-water 
mixture was added the sediment rose to the top of the 1 liter beaker but did not 
reach the aluminum foil cover. When the 0.6 g was added, the sediment only 
rose half way approximately 5 inches up the beaker.
During each subsampling event 20 g total were extracted from the treated 
batch with the assumption that since one-to-one sediment to water ratio had 
been used that 10 g was sediment and the other 10 g was water. The sediment 
was mixed before extracting the aliquots in order to homogenize it with the water, 
though it was not known whether this ratio was sampled every time because 
there was no direct method of measuring either the water or the sediment. At the 
last sampling event much more than 10 g of sediment remained, which could 
explain why the last sampling event for every Mg/Pd mass had higher average 
dechlorination than the previous event (Table 4.10). This indicated that in fact
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less than 10 g of sediment had been extracted at each previous sampling event, 
adding additional variability to the results. As a result of the difference in 
sediment mass between the previous events and the last, the last event was 
omitted as outliers in the statistical analysis.
Each Mg/Pd treatment was analyzed separately by its average PCB 
concentration over time. First-order exponential curves were fitted based on the 
following equation:
where [A] is the final PCB concentration during treatment in ppm; [A0] is the initial 
concentration before treatment in ppm; k is the first order rate constant; and t is 
time in hours. This equation can be rewritten as:
In general, the concentration kinetics should have decreased over time 
while dechlorination increased, as shown in Figure 4.13. However, this was not 
the case for this experiment, which was most likely a result of the procedural 
difficulties discussed earlier. Perhaps a more efficient kinetic experiment in 
sediment could be performed with separate samples for each sampling event 
rather than subsampling from one batch as was done in this experiment. Mg/Pd 
could be added to all the samples at the same time and individual samples can 
be sacrificed at different sampling times.
Exponential curves were fitted against time versus PCB concentration 
curves for each Mg/Pd mass treatment, but the fits were very poor as indicated
In  =  —kt
K ]
(Equation 4.1)
[A] = [A0]e~kt (Equation 4.2)
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by the very low R2 values. An example is shown in Figure 4.14 for the 0.1 g 
Mg/Pd per 10 g wet sediment graph where the concentration at 0 hour is the 
initial concentration and the rest are the treated samples. The dash line 
represents the exponential fit and the horizontal dark line is the average PCB 
concentration of the treated samples from 1 to 24 hours. The R2 value obtained 
for this exponential fit was very close to zero indicating a very poor fit.
ANOVA analysis performed on the treated samples with the last sampling 
events removed as outliers showed that at 90% confidence interval there was 
significant difference between the 1 and 12 hour samples for both the 0.1 g and 
0.5 g Mg/Pd (see Appendix A, Figures A.2 & A.4). However, at 80% confidence 
hour 1 was also different than the 4 hour sample for the 0.1 g Mg/Pd, and from 
the 8 hour sample for the 0.5 g Mg/Pd (see Appendix A, Figures A.3 & A.5). For 
the 1.0 g Mg/Pd hour 1 was significantly different from hour 4, 12 and 24 samples 
at both 80% and 90% confidence (see Appendix A, Figures A.6 & A.7). Between 
the three Mg/Pd mass treatments, ANOVA analysis showed that the average 
dechlorinations for 0.1 g and 0.5g were not significantly different at 80 or 90 % 
confidence (see Appendix A, Figure A.8). The dechlorination for these two 
Mg/Pd masses was also greater than that of 1.0 g Mg/Pd almost at every 
sampling event (Table 4.10). Thus from these experiments the minimum mass of 
Mg/Pd for optimal dechlorination was achieved by 0.1g.
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Figure 4.13. Theoretical dechlorination and concentration kinetics overtime.
—  Samples ■ Mean Concentration - - - - Expon. (Samples)
200
it 188.3EQ.□L








78.8 7 5 .7 -
54.4
38.8
0 2 4 6 8 10 12 14 16 18 20 22 24 26
Sampling Time (hr)
Figure 4.14. Average PCB concentration for New Bedford Harbor sediment
samples treated with 0.1g Mg/Pd per 10g wet sediment, and sampled 
at 1, 2, 4, 8, 12 and 24 hours. Exponential trendline is indicated by 
the dashed line. The mean PCB concentration for 1 to 24 hours 
treated samples is indicated by the solid straight line.
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Table 4.10. New Bedford Harbor sediment treated with three different masses of 










0.1 g Ohr 185.19 188.30 3.11 - - -
Ohr (d) 191.41 - - -
1 hr 49.68 38.82 10.86 73.2% 79.3% 6.1%
1hr (d) 27.96 85.4%
2hr 58.72 54.39 4.33 68.3% 71.1% 2.8%
2hr (d) 50.07 73.8%
4hr 121.23 97.72 23.51 34.5% 47.9% 13.3%
4hr (d) 74.22 61.2%
8hr 43.46 78.79 35.33 76.5% 58.5% 18.1%
8hr (d) 114.12 40.4%
12hr 147.05 115.05 32.00 20.6% 38.6% 18.0%
12hr (d) 83.05 56.6%
24hr 32.97 75.74 42.77 82.2% 60.1% 22.1%
24hr (d) 118.51 38.1%
0.5g Ohr 185.28 187.31 2.03 - - -
Ohr (d) 189.34 - - -
1 hr 29.89 41.09 11.20 83.9% 78.1% 5.7%
1 hr (d) 52.29 72.4%
2hr 54.35 46.42 7.92 70.7% 75.2% 4.5%
2hr (d) 38.50 79.7%
4hr 42.73 60.13 17.40 76.9% 68.0% 8.9%
4hr (d) 77.53 59.1%
8hr 55.96 69.95 13.99 69.8% 62.7% 7.1%
8hr(d) 83.94 55.7%
12hr 91.41 83.94 7.47 50.7% 55.1% 4.5%
12hr (d) 76.47 59.6%
24hr 83.46 70.58 12.88 55.0% 62.2% 7.3%
24hr (d) 57.69 69.5%
1.0g Ohr 134.37 113.78 20.58 - - -
Ohr (d) 93.20 - - -
1 hr 45.31 38.11 7.199 66.3% 66.6% 0.3%
1 hr(d) 30.91 66.8%
2hr 70.21 57.48 12.74 47.7% 49.9% 2.1%
2hr (d) 44.74 52.0%
4hr 92.77 88.26 4.50 31.0% 20.5% 10.4%
4hr (d) 83.76 10.1%
8hr 28.85 39.11 10.26 78.5% 62.8% 15.7%
8hr(d) 49.37 47.0%
12hr 92.32 84.49 7.83 31.3% 24.5% 6.8%
12hr (d) 76.66 17.7%
24hr 93.85 92.88 0.97 30.2% 15.8% 14.4%
24hr (d) 91.91 1.4%
48hr 31.67 51.51 19.84 76.4% 49.9% 26.5%
48hr (d) 71.35 23.4%
114
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.3.6. Dechlorination in NBH Sediment with 1 q versus 2 g Mg/Pd
The following experiment was conducted to study whether using double 
the mass of Mg/Pd would significantly increase dechlorination. NBH sediment 
samples were vigorously mixed with either 1 g or 2 g Mg/Pd and 10 mL of water. 
Half the samples were left static and the other half was placed on the shaker. 
Figure 4.15 shows the dechlorination values between the two Mg/Pd masses 
grouped by the type of mixing. The effects of mixing will be discussed in section
4.5. Analysis in ANOVA showed no significant difference between the 1 g and 2 
g Mg/Pd at 90 % confidence indicating that dechlorination was not limited by 
Mg/Pd mass, but perhaps by the ability of the Mg/Pd to reach the PCBs in the 
sediment (see Appendix A, Figures A.9 & A. 10). All samples were compared for 
differences in dechlorination between the Mg/Pd masses within their 
corresponding mixing type (Table 4.11). The following section investigates the 
use of solvents to enhance dechlorination by increasing the availability of PCBs 
from solvents.
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^  60%
One-Time Mixing Continuous Mixing
Figure 4.15. Average percent PCB dechlorination for New Bedford Harbor
sediment treated with either 1 g or 2 g Mg/Pd, and mixed once vs. 
continuously mixed for 48 hours.
Table 4.11. New Bedford Harbor sediment samples treated with 2 masses of 
Mg/Pd and mixed once versus continuously for 48 hours. Sample 
duplicates are indicated by (d).
PCB Concentration (ppm) Percent Standard
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4.4. Solvent Experiments
4.4.1. Dechlorination Performance with Citrus Solvents
Solvent experiments were first conducted with biodegradable solvents 
based on findings in several papers that the addition of terpene-based 
compounds enhanced biodegradation of PCBs in soils (Dercova et al., 2003; 
Hernandez et al., 1997). Terpene-based solvents were investigated in order to 
see whether similar enhanced degradation would be achieved in PCB 
contaminated sediment treated with Mg/Pd, hypothesizing that the solvent would 
increase PCB availability to Mg/Pd. The following three nonpolar solvents were 
investigated n-hexane (hexane), d-limonene and Citrus Burst 2. The last two 
solvents were obtained from Florida Chemical Company, Inc. Both are derived 
from orange terpenes, which are a by-product from orange juicing processing, 
and Citrus Burst 2 also contains a nonionic surfactant. These products were 
selected to be tested with sediments because both are naturally derived and 
biodegradable. The hypothesis behind using biodegradable solvents with PCB 
dechlorination in sediments is that the solvents will aid in desorbing the PCBs 
from the sediment thus making the PCBs available for dechlorination with Mg/Pd 
and would not be harmful if left in the environment. It was also hypothesized that 
Citrus Burst 2 would perform better than d-limonene at desorbing PCBs from 
sediment because the added surfactant would facilitate desorption of the PCBs 
from the organic matter in the sediment to the aqueous phase to react with the 
Mg/Pd. The hexane was included in order to compare the performance of the 
two solvents at extracting the PCBs from the sediment. Hexane is a strong
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solvent and is nonpolar like PCBs, thus it was hypothesized that it would extract 
PCBs from sediments more strongly than the other citrus nonpolar solvents. 
However, due to its toxicity and flammability it would not be able to be 
implemented in the dechlorination of PCBs in sediments in-situ.
The above hypotheses were investigated by a series of experiments using 
NBH sediment treated with 1 g Mg/Pd in addition to water, d-limonene or Citrus 
Burst 2. All experiments included control samples that constituted of just 
sediment and were used as the initial average concentration of the treated 
samples for the percent dechlorination calculations. The samples with water 
were used to compare the dechlorination performance of the two citrus solvents 
since dechlorination data with water already existed from previous experiments. 
Each sample consisted of an individual beaker so that there was no 
subsampling, only replication. All samples, except for the Citrus Burst 2 samples 
which were run for 16 hours only, were run for 2 and 16 hours.
Sediments with water had the highest average dechlorination of 21.8% 
after 2 hours and 28.4% after 16 hours (Figure 4.16). This finding was surprising 
since samples with the citrus-based solvents were expected to achieve higher 
dechlorinations than those with water. However, the percent dechlorination for 
the samples with water increased only slightly (6.6%) after the second hour 
suggesting that perhaps most of the dechlorination was occurring in the first few 
hours. This was proven previously in one of kinetic experiments conducted.
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Figure 4.16. Percent dechlorination at 2 and 16 hours for NBH sediment treated 
with 1 g Mg/Pd and 5 ml_ of water, d-limonene or Citrus Burst 2.
The d-limonene samples had the poorest performance with negative 
dechlorination values of -4.1% for hour 2 and -0.7% for hour 16, indicating no 
dechlorination. It was observed that the solvents evaporated very quickly from 
the sediments whereas sediments with water were kept as slurries throughout 
the full experiment. This was problematic because in order for complete 
dechlorination to occur the sediment must be in an aqueous environment. It was 
hypothesized that the drying was a consequence of the exothermic reaction 
between the Mg/Pd and the water in the sediment causing the solvents to 
volatilize. This could explain why d-limonene had no dechlorination. Also since 
the percent dechlorination calculation used the average of the controls as the
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theoretical initial concentration for all the treated samples, if a treated sample had 
a higher final concentration it would yield a negative percent dechlorination.
The Citrus Burst 2 achieved 13.5% dechlorination after 16 hours. The 
Citrus Burst 2 positive and greater dechlorination than the d-limonene samples 
seem to prove at first the hypothesis that the solvent’s added surfactant was 
more efficient than at extracting the PCBs from the sediment than without 
surfactant like d-limonene. However, later experiments proved that this was not 
correct.
4.4.2. Water Addition to Solvents at Different Solvent Volumes
The subsequent solvent dechlorination experiment focused on maintaining 
the sediment moist by adding water to the solvent as well as looking at how 
different volumes of solvents would affect the dechlorination. The hypothesis 
was that the more solvent added the more PCBs would be desorbed from the 
sediment, d-limonene and hexane were each combined at four volumes (2.5 mL, 
5 mL, 7.5 mL and 10 mL) with 10 mL of distilled water and 1g Mg/Pd, which was 
then added to NBH sediment samples. The samples were mixed quickly on a 
vortex shaker as well as stirred manually with a spatula to incorporate the 
sediment, Mg/Pd and liquids together. The samples were covered with 
aluminum foil and placed on a shaker for 48 hours. All samples were conducted 
in two duplicates (d).
This experiment differed from the previous experiment in that several 
changes were made in the experimental procedure that showed improved
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dechlorination. First, the solvent, d-limonene or hexane, was combine with water 
thus limiting the evaporation of the solvent during the exothermic dechlorination 
reaction. In previous experiments samples with only solvent always dried out 
very quickly whereas those with water remained as slurries throughout the 
experiment. The addition of water to the solvent helped keep the sediment as 
slurries allowing dechlorination to occur and this combination of solvent with 
water attained better dechlorination rates than previous experiments with solvent 
alone. Lastly, Mg/Pd was better distributed within the sediment and each treated 
sample had an individual control that was used as the initial PCB concentration. 
The details of using individual controls for treated samples will be further 
discussed in section 4.5.2., and Mg/Pd distribution enhancement will be 
discussed in section 4.5.3
The best dechlorination performance was achieved by samples with water 
only and no solvent. Previous experiments with water achieved approximately 
40% dechlorination after 48 hours however this experiment had an average of 
51.2% dechlorination (Figure 4.17). This was the highest average dechlorination 
in NBH sediment treated with 1g Mg/Pd over 48 hours. Also both duplicates had 
very similar dechlorination suggesting that the changes in the experimental 
procedure discussed above had made a positive impact on dechlorination.
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Figure 4.17. Average PCB dechlorination for NBH sediment treated with 1 g
Mg/Pd and 10 mL water plus different volumes of either d-limonene 
or hexane.
Dechlorination rates in d-limonene samples were also greatly improved 
when compared to the negative dechlorination values from previous experiments. 
Statistical analysis by ANOVA showed that the dechlorinations for the different 
d-limonene volumes were not statistically different at 90% confidence thus the 
smallest volume of 2.5 mL achieved the same dechlorination as the 10 mL (see 
Appendix A, Figure A.11). One d-limonene sample with 7.5 mL achieved a 
slightly higher dechlorination of 62.1% than the average water dechlorination of 
51.2% and it did exceed the highest water dechlorination of 58.4% (Table 4.12). 
When compared to the hexane samples d-limonene samples generally 
performed better at 2.5 mL and 5 mL but slightly less at the 7.5 mL and 10 mL 
(Table 4.12).
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Hexane samples also showed positive dechlorination compared to the 
previous experiment. Samples with 7.5 mL and 10 mL hexane had greater 
average dechlorination than d-limonene samples at the same volume. Two of 
these samples also had dechlorination of 66.8% and 59.1%, which were higher 
than those with water (Table 4.12). Hexane samples at volumes of 2.5 mL and 5 
mL had the lowest average dechlorination which may have been due to the 
solvent’s loss due to evaporation. Although all samples were covered with 
aluminum foil hexane has a high evaporation rate. At 90% confidence level the 
dechlorination values for 2.5 and 5 mL were significantly different from the 7.5 
mL (see Appendix A, Figure A. 12). Similarly to d-limonene samples with 7.5 mL 
of hexane achieved the highest average dechlorination over the other volumes. 
As a result, 7.5 mL was chosen as the volume to be used for future solvent 
experiments.
Overall, this experiment showed higher dechlorination than previous 
experiments in NBH with water or solvent. This may be attributed to the 
procedural changes that included adding water to the solvent, better distribution 
of the Mg/Pd within the sediment and using an individual control for each sample. 
Although three solvent samples, two with hexane and one with d-limonene, did 
show higher dechlorination than those with water they were not significantly 
different 90% at the confidence level (see Appendix A, Figure A. 13).
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Table 4.12. PCB dechlorination for NBH treated with 1 g Mg/Pd and different 
volumes of d-limonene or n-hexane plus 10 mL water for 48 hours. 
Sample duplicate is indicated by (d).
PCB Concentration (ppm) Percent Standard


















































































4.4.3. Sonicated Solvent Experiments at 7.5 mL Volume
The previous experiment showed higher dechlorination rates for samples 
with solvents than previous experiments but these rates were still not significantly 
greater than samples with only water. This experiment studied the effect of 
solvent sonication and the use of a solvent with a surfactant on dechlorination. 
The solvents hexane, d-limonene and Citrus Burst 2 were added at 7.5 mL to 10 
g wet NBH sediment. The solvent volume was chosen based on the previous 
experiment, which showed that both the hexane and d-limonene had the highest 
dechlorination at 7.5 mL. In order to aid the solvent in desorbing PCBs from the 
sediment the solvent was sonicated in a bath for 10 minutes with the sediment 
before the addition of either water or Mg/Pd. Water was added to the sediment 
after sonication to prevent the water from interfering with the solvent’s interaction
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with the sediment. Mg/Pd was not added until after sonication to keep the Mg/Pd 
reactive before PCBs were available. The Mg/Pd and 10 mL water were added 
together and shaken before adding it to the samples. Everything was mixed 
together on a vortex shaker and placed on a shaker for 48 hours. Separate 
duplicate samples with water as the solvent were prepared in order to compare 
the solvent samples’ dechlorination efficiency to those with water (Table 4.13). 
Individual controls were prepared for each treated sample.
Table 4.13. PCB dechlorination for NBH treated with 1 g Mg/Pd and 7.5 mL of 
Citrus Burst 2, d-limonene or n-hexane plus 10 mL water for 48 
hours.
PCEJ Concentration (ppm) Percent Standard
Solvent Initial (Ohr) Average Final (48hrs) Average Dechlorination Average Error
Citrus Burst 2 160.47 167.88 105.99 101.64 33.9% 39.2% 5.3%
Citrus Burst 2 (d) 175.30 97.29 44.5%
d-limonene 98.90 117.89 23.36 61.25 76.4% 52.0% 24.4%
d-limonene (d) 136.89 99.15 27.6%
Hexane 158.51 148.82 62.39 69.29 60.6% 52.9% 7.7%
Hexane (d) 139.12 76.20 45.2%
Water 134.85 134.06 74.96 64.19 44.4% 52.2% 7.7%
Water (d) 133.27 53.43 59.9%
Samples with d-limonene, hexane and water had very similar
dechlorination and were greater than those with Citrus Burst 2 (Figure 4.18). It
was hypothesized that the Citrus Burst 2 would perform better than the other
solvents because its added surfactant would improve PCB desorption from the
sediment and increase the PCBs aqueous availability. However, the average
percent dechlorination for Citrus Burst 2 was the lowest of all the samples. The
greatest dechlorination range was found in the d-limonene samples with the
highest percent dechlorination at 76.4% and the lowest at 27.6%. The
dechlorination results for d-limonene and hexane were very similar to those with
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water indicating that either sonication did not improve PCB availability for Mg/Pd 
interaction, or that perhaps the added water out competed the solvents for 
sediment interaction. Unlike water, the solvents’ low or lack of polarity may have 
not have been strong enough to interact with the sediment. Overall, ANOVA 
analysis showed that there was no significant difference in dechlorination 
between the different solvents and water at 90% confidence level (see Appendix 
A, Figure A.14). Thus, the use of nonpolar solvents to enhance PCB availability 


















Citrus Burst 2 d-Limonene Hexane
7.5 mL solvent added to 10 mL distilled water
Water
Figure 4.18. Average PCB dechlorination for NBH sediment treated with 1 g
Mg/Pd, 7.5 mL of either Citrus Burst 2, d-limonene or hexane plus 10 
mL distilled water and 7.5 mL of water only after 48 hours.
Although the addition of water to the solvent improved dechlorination by 
maintaining the sediment slurry, its role in dechlorination is not well understood. 
Water was added to the solvent to keep the solvent in solution by adsorbing any
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generated heat created by the dechlorination reaction thus preventing the solvent 
from volatilizing. Yet it is not known whether the solvent remained aqueous (it 
was difficult to physically distinguish between the solvents and water). A more 
logical explanation is that the solvent was not able to reach the sediment 
particles due to water’s preferential adsorption to the sediment’s mineral sites. 
D-limonene and hexane are nonpolar solvents whereas water’s polarity allowed it 
to interact with the minerals sites and bring the Mg/Pd in contact with the PCBs in 
the sediment. The solvents’ lack of polarity may have prevented them from 
interacting at all with the sediment. The added water and not the solvent was 
most likely the reason for the improved dechlorination. This could explain why 
the solvents, especially d-limonene and hexane, had such similar dechlorination 
as the samples with water only. The following experiment demonstrated that the 
d-limonene’s lack of interaction with the sediment hindered PCB desorption from 
the sediment.
4.4.4. PCB Desorption into d-limonene and Hexane
An experiment was conducted to see whether d-limonene and hexane 
desorbed PCBs from NBH sediment after being soaked with the sediment for 24 
hours. Triplicate samples of 14 to 15 g of sediment were added 5 mL of 
d-limonene, hexane or water and shaken on a vortex shaker to combine the 
liquid with the sediment. In the samples with water the sediment immediately 
formed a homogeneous slurry indicating that the water was combining within the 
sediment matrix. Conversely, d-limonene and hexane did not combine with the
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sediment but remained heterogeneous so that the sediment and solvent were 
visibly distinct. Unlike the water which became opaque from mixing with the 
sediment the d-limonene and hexane remained clear even after being shaken 
with the sediment. All samples were continuously mixed for 24 hours on a 
shaker at 200 revolutions per minute to enhance desorption of the PCBs from the 
sediment. At the end of the sampling period d-limonene and hexane were 
separated from the sediment by simply decanting the solvents into a vial. Even 
after being continuously shaken for 24 hours the solvents did not homogenize 
with the sediment. The sediment and decant were extracted separately. In 
contrast, the slurries from the samples with water were extracted as one because 
the water could not be separated from the sediment.
The results from the solvent decant indicated that a very small amount of 
PCBs desorbed into the solvents from the sediments (Figure 4.19). An average 
of 10.30 ppm desorbed into d-limonene corresponding to only 2% of the initial 
concentration (Table 4.14). The average concentration remained in the sediment 
was 191.28 ppm. For the hexane samples the average PCB concentration 
desorbed was 4.31 ppm or 5% of the initial concentration and 196.68 ppm 
remained in the sediment. Overall, there was no significant difference at 90% 
confidence in the sediment PCB concentration between the solvents and water 
(see Appendix A, Figure A. 15). The desorbed PCB concentrations from the 
solvent samples were too low to enhance desorption of PCBs from sediments.
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Figure 4.19. Average PCB concentration in sediment and decant after 24 hours 
of soaking with d-limonene, n-hexane or water. Scales on y-axes are 
different.
Table 4.14. PCB concentration in NBH sediments and decants after soaking with 
5 mL of solvent for 24 hours. Concentrations for samples with water 
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4.4.5. PCB Dechlorination with Addition of Polar Solvents
Since the addition of the three nonpolar solvents to NBH sediment did not 
increase the overall PCB dechlorination compared to that of water, three polar 
solvents were investigated to see if the change in solvent polarity would improve 
dechlorination. Due to polar solvents’ ability to interact with the mineral sites and 
dissolve in the SOM, polar organic solvents were hypothesized to be more 
effective at recovering organic contaminants from soils than nonpolar solvents 
(Chiou, 2002). The polar solvents investigated were methylene chloride, acetone 
and methanol. Duplicate NBH sediment samples were added 7.5 mL of the 
solvents and sonicated for 10 minutes. Each treated sample in this and following 
experiments had an individual control that was used as the initial concentration 
for the treated sample. Unlike in previous solvent experiments no water was 
added to the solvents in order to reduce interferences between the solvent and 
the sediment as well as to measure the full capacity of the solvent at desorbing 
the PCBs from the sediment. The solvents were sonicated in order to assist the 
solvents in desorbing the PCBs before dechlorination. Sonication was 
problematic for the samples with methylene chloride because all the solvent was 
lost during sonication. Methylene chloride has a high evaporation rate and the 
added energy from sonication further enhanced the evaporation of the solvent. 
Samples with methylene chloride were added 7.5 mL of the solvent once more 
and instead of sonication they were left to soak for 1 hour with the sediment. 
Dechlorination was induced by adding a mixture of 1g Mg/Pd with 2.5 mL of each 
sample’s corresponding solvent after sonication/soaking; a total of 10 mL solvent
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was added to each sample. The Mg/Pd was first added into a vial followed by 
the solvent and was shaken on a vortex shaker for several seconds in order to 
combine the Mg/Pd into the solvent. This allowed the Mg/Pd to dispersed evenly 
when added to the sediment. There was no noticeable heat generation from the 
Mg/Pd and solvent shaking. The samples were mixed vigorously on a vortex 
shaker to combine the solvent, Mg/Pd and sediment for one minute before they 
were placed on a shaker for continuous mixing.
At the end of 48 hours the dechlorination reaction was quenched by the 
addition of the MgSC>4:Na2S0 4  drying powder. Unlike the nonpolar solvents the 
polar solvent were able to combine well with the sediments. However, by the 
end of the dechlorination reaction not all the solvents remained in the samples. 
Samples with methylene chloride and acetone had very little solvent remaining 
by the end of the experiment, with methylene chloride having the least amount.
In contrast to the other two solvents methanol samples did not loose any solvent 
volume. Samples with water also remained as slurries. The loss of methylene 
chloride and acetone during the reaction may be attributed to their high 
evaporation rates. The exothermic dechlorination reaction and the continuous 
shaking during the 48 hours may have increased the solvents’ vapor pressure 
thus evaporating the solvents from the samples. Conversely, the methanol’s 
lower vapor pressure allowed it to remain in solution and desorb the PCBs from 
the sediment.
Overall, samples with methylene chloride and acetone had very similar 
average percent dechlorination of 27.1% and 36.5%, respectively, (Figure 4.20 &
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Table 4.15). However, the difference between these was not statistically 
significantly different at 90% confidence (see Appendix A, Figure A. 16). The 
methanol samples had an average dechlorination of 83.6%, which was 
significantly different from the other two solvents (Figure 4.20 & Table 4.15). The 
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Figure 4.20. Average percent PCB dechlorination for New Bedford Harbor 
sediment treated with 1 g Mg/Pd and 10 mL polar solvents 
continuously mixed for 48 hours.
Table 4.15. PCB dechlorination for NBH treated with 1 g Mg/Pd and 10 mL of 
methylene chloride, acetone or methanol for 48 hours.
PCB Concentration (ppm) Percent Standard
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4.5. Mixing Optimization
One of the difficulties in working with sediments, especially those that are 
highly organic and/or have high clay and silt contents, is homogenization. Due to 
the sorption of PCBs to SOM the uneven distribution of SOM within the sediment 
also resulted in uneven distribution of the PCBs. The variation in PCB 
distribution within sediments was noted by the differences in PCB concentration 
within duplicate samples and negative dechlorination values of earlier 
experiments. The dechlorination results were also affected by the poor 
dispersion of the Mg/Pd within the sediment. This was a result of the way the 
Mg/Pd powder was introduced to the sediment. This section focuses on the 
mixing optimization to enhance sediment homogenization as well as Mg/Pd 
distribution within the sediment.
4.5.1. Sediment Homogenization
Previous experiments sometimes showed large variations in PCB 
concentration between sample duplicates, which was hypothesized to be due to 
the large variability in the sediment homogeneity. Initially dechlorination was 
calculated by using the average of several control sediment samples as the initial 
PCB concentration for each treated sample. However, at times the treated 
sample’s final concentration was higher than the average of the controls and thus 
the difference between the initial and the final was negative. This indicated that
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in fact the initial concentration of that particular sample was higher than the 
average of the controls. The negative dechlorination was thus attributed to 
significant PCB variability within the samples caused by poor sediment 
homogenization.
The poor homogenization resulted from manually mixing large batches of 
sediment with a spatula before distributing it between the beaker samples. This 
was especially true for HUR and NBH sediments, which consisted mostly of silts 
and clays and had high organic contents and thus were much more difficult to 
homogenize. The HSR sediment was mostly sand making manual 
homogenization easier. Also, its PCB concentration was much lower than the 
other two sediments therefore PCB concentration variation between replicates 
was significantly less (Table 4.16).
In order to evenly distribute PCBs within the sediment an experiment was 
conducted where three sediments, HSR, HUR and NBH, were homogenized 
sequentially by three different mixing methods and then sampled. First the 
sediments were mixed in the sediment’s original container, a 5 gallon plastic 
bucket, with a stainless steel paint mixer attached to a power drill for 10 minutes. 
It was unknown whether the sediment was mixed during its collection and thus 
this vigorous mixing ensured that the sediment was completely mixed within the 
bucket. A smaller sediment batch was then obtained and placed inside a 
stainless steel bowl to be homogenized with a Hobart mixer for 5 minutes. The 
Hobart mixer was set at the lowest mixing level of 1 to prevent the sediment from 
being thrown out of the bowl at faster mixing levels. This mixing allowed for a
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smaller sediment portion to be further homogenized. The mixed sediment was 
then placed inside a glass jar and mixed manually for a few minutes with a 
stainless steel spatula before extracting triplicate samples.
Overall, the sequenced homogenization of the sediments still showed 
some variation between the triplicate samples (Table 4.17 and Figure 4.21). 
Although the HSR sediment had the lowest standard deviation of 2.24 ppm, it 
also had the lowest concentration from the three sediments. Thus the deviation 
corresponded to 69% of the average concentration. The NBH had a standard 
deviation of 10.09 ppm, which was only 10% of average concentration, and 
Hudson River had a deviation 10% of the average at 14.33 ppm. Overall, the 
sequenced mixing of the sediments seemed to lower the sediment PCB 
concentration variation within replicates to some extent.
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Table 4.16. PCB concentration variability within sediment replicates for New 








NBH 1 117.75 5.90
NBH 1(d) 109.41
NBH 2 103.56 16.84
NBH 2(d) 127.37
NBH 3 106.90 4.80
NBH 3(d) 113.69
NBH 4 108.58 4.19
NBH 4(d) 102.65
NBH 5 135.82 1.40
NBH 5(d) 133.84
NBH 6 119.42 16.31
NBH 6(d) 142.50
NBH 7 102.35 10.77
NBH 7(d) 117.58
NBH 8(d1) 191.54 23.56
NBH 8(d2) 200.72
NBH 8(d3) 236.15
NBH 9(d1) 144.45 27.93
NBH 9(d2) 174.54
NBH 9(d3) 200.26
NBH 10(d1) 214.99 14.43
NBH 10(d2) 205.51
NBH 10(d3) 233.86
NBH 11 (d 1) 176.87 16.72
NBH 11 (d2) 191.10
NBH 11 (d3) 157.77
NBH 12(d1) 153.86 24.39
NBH 12(d2) 153.80
NBH 12(d3) 196.07
NBH 13(d1) 127.24 90.15
NBH 13(d2) 287.39
NBH 13(d3) 135.60

























Table 4.17. PCB concentration variation between replicates for Housatonic River 



































Figure 4.21. Average PCB concentrations for 3 sediments after 3 sequential 
mechanical mixing methods.
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4.5.2. Individual Sample Controls
Sediment homogenization by sequential mixing slightly improved the PCB 
variation within sediment replicates, however, negative dechlorination values 
were still observed in subsequent experiments. This indicated that variability still 
existed within samples. Negative dechlorination can be seen in some of the d- 
limonene and hexane samples of a solvent experiment (Figure 4.22). In this 
experiment the control samples had an average PCB concentration of 115.28 
ppm whereas the samples with negative dechlorination had final average 


















24 hours 48 hours
Reaction Time (hours)
Figure 4.22. Average percent dechlorination for NBH sediment treated with 1 g 
Mg/Pd and 5 mL of either water, d-limonene (dLim) or hexane (hex) 
after 24 and 48 hours of reaction and either additional solvent or 
water.
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Table 4.18. PCB concentration and dechlorination for NBH sediment samples 
treated with 1 g Mg/Pd and 5 mL solvent for 24 and 48 hours with 





















1 hexane 11 7 .9 8 1 1 2 .2 3
c
5 2 hexane 11 9 .9 7 1 1 8 .9 7 -3.2% 1 2 9 .7 5 1 2 0 .9 9 -5.0%
Q) 3 water 8 1 .9 9 7 7 .1 2
4 water 85.51 8 3 .7 5 27.3% 1 2 9 .4 8 1 0 3 .3 0 10.4%
<D 5 d-Lim. 9 8 .3 4 8 3 .6 6
Q) 6 d-Lim. 144.51 1 2 1 .4 2 -5.3% 86.66 8 5 .1 6 26.1%
■o o 
£ 7 water 1 2 3 .3 2 1 0 3 .4 5
_ j 8 water 1 3 0 .8 4 1 2 7 .0 8 -10.2% 1 1 2 .7 3 1 0 8 .0 9 6.2%
9 none 9 3 .8 7 7 0 .4 8
0) ^ 10 none 1 2 0 .2 9 1 0 7 .0 8 7.1% 8 1 .1 0 7 5 .7 9 34.3%
5  S
11 water 6 2 .2 9 9 3 .6 0
12 water 92.41 7 7 .3 5 32.9% 5 0 .8 7 7 2 .2 4 37.3%
Control PCB Concentration (ppm) = 115.28 (average of 6 samples)
In order to further minimize PCB variation, consequent experiments used 
individual control samples for each treated sediment sample. Instead of using 
the average of several controls as the initial PCB concentration for all the treated 
samples, each treated sample had its own control sample. Before treating the 
sediment with the Mg/Pd, 20 g wet sediment were placed in one beaker and 
homogenized manually with a spatula. Smaller sediment amounts could not be 
mixed effectively in a Hobairt mixer but were easier to mix manually. The mixed 
sediment was then split equally into two 250 mL beakers, one was treated and 
the other was the untreated control. The control was used as the initial 
concentration for that particular sample and the treated as the final PCB 
concentration after treatment. The resulting dechlorination calculation was more 
sensitive to each individual sample, because instead of using the average 
concentration of several controls each sample had an initial concentration. This
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method of calculating dechlorination resulted in double the number of samples 
needed in each experiment but dechlorination values were always positive.
4.5.3. Mg/Pd Distribution Within the Sediment
Another method of reducing PCB variability was by better distributing the 
Mg/Pd within the sediment so that it was more available to react with all of the 
PCBs in the sediment. In previous experiments the dry Mg/Pd powder was 
added directly to the sediment, mixed manually with a spatula and then added 
the liquid, either solvent or water. This method caused for the Mg/Pd powder to 
always fall on top of the sediment dechlorinating the PCBs there first before the 
rest of the sediment. Although the Mg/Pd was mixed manually with the 
sediment, due to the sediment’s high clay and silt contents it was very difficult to 
evenly distribute the Mg/Pd within the sediment. This was particularly true for 
NBH and HUR sediments, whereas HSR was sandy and thus slightly easier to 
mix.
In order to better distribute the Mg/Pd powder within the sediment the 
following changes were made. First the powder was added to a clear 40 mL 
TOC vial and then added the liquid on top. This was shaken on a vortex shaker 
for 30 seconds to 1 minute to ensure mixing. Careful attention was paid to heat 
generation and gas formation, however, none of these occurred during shaking. 
The mixture was then poured on the sediment and immediately shaken on the 
vortex shaker to combine with the sediment. Combining the Mg/Pd and liquid 
first distributed the Mg/Pd powder better within the liquid, which could then
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infiltrate more easily into the sediment particles and thus bring the Mg/Pd in 
contact with the PCBs. The liquid was able to disperse the Mg/Pd throughout 
sediment better that manually mixing the dry Mg/Pd powder with the sediment.
4.5.4. Continuous Mixing versus Mixing Once Initially
The effect of mixing on dechlorination was investigated on a previous 
experiment in which NBH sediment samples were treated with either 1 g or 2 g of 
Mg/Pd and 10 mL water. All samples were initially mixed vigorously on a vortex 
shaker for approximately 30 seconds to combine the sediment with the water and 
Mg/Pd. Half the samples were left static on the bench top and half were placed 
on a shaker for the duration of the experiment of 48 hours. All samples were 
compared for differences in dechlorination between static and shaken within their 
corresponding Mg/Pd mass. The results were analyzed by ANOVA to reveal that 
there was no significant difference between the static samples and the samples 
mixed continuously (Figure 4.29).
Although there was no significant difference at 90% confidence in 
dechlorination between static and shaken samples there are advantages for both 
forms of mixing (see Appendix A, Figures A.17 & A.18). Shaking the sediment 
with water samples continuously keeps the sediment slurry by facilitating the 
release of H2 gas that is formed from Mg oxidation, and prevents the sediment 
from rising in the beaker. As the gas forms and tries to escape, it pushes up and 
expands the sediment giving it the consistency of foam. Leaving the samples 
static after initially combining the sediment with the water and Mg/Pd requires
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less energy during the duration of the experiment. The lack of significant 
difference between the static and the continuously mixed samples indicated that 
mixing the samples well initially is more important than mixing the samples 
afterwards.
Two hypotheses are herein presented regarding the effectiveness of initial 
mixing in comparison to continuous mixing. First, due to the fast kinetics of the 
dechlorination reaction with Mg/Pd, initially distributing the Mg/Pd evenly within 
the sediment is more critical than maintaining the sediment mixing at a slower 
rate. If the Mg/Pd is not evenly distributed in the sediment it may leave areas of 
the sediment with higher PCB concentrations than others. The initial vigorous 
mixing ensured an initial Mg/Pd distribution within the sediment whereas 
subsequent continuous mixing afterwards did not show significant improvement 
in dechlorination (Figure 4.23). Secondly, continuous mixing may not have been 
strong enough to enhance Mg/Pd contact with PCBs and increase dechlorination. 
Although the samples were shaken at a speed of 200 revolutions per minute a 
higher speed could not be used due to fear of spilling the sediment slurry out of 
the beakers. A more vigorous mixing was performed initially with a vortex shaker 
which mixes by creating a vortex. Distribution of Mg/Pd within the sediment was 
more effective with initial vigorous mixing than by less vigorous yet constant 
mixing. This was evident in earlier experiments where the sediment samples 
were first mixed directly with the Mg/Pd, followed by the addition of water and 
then placed on the shaker for the duration of the experiment. The continuous 
mixing during the experiment did not compensate for the poor initial mixing and
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thus dechlorination rates were much lower. Therefore, the initial distribution of 
Mg/Pd within the sediment by vigorous mixing is more crucial for effective 
dechlorination than continuous mixing.
□ One-Time Mixing ■ Continuous Mixing
70% -|---------------------------------------------------------------------------------------------
60% -
1g Mg/Pd 2g Mg/Pd
Figure 4.23. Average percent PCB dechlorination for New Bedford Harbor
sediment treated with either 1 g or 2 g Mg/Pd, and mixed once vs. 
continuously mixed for 48 hours.
4.6. Optimum Conditions Experiment
This experiment investigated whether dechlorination would be enhanced 
by combining the optimum conditions discussed in the previous sections using 
duplicate samples of NBH sediment. The following conditions were optimized by: 
minimizing time to 24 hours only; testing three lowered masses of Mg/Pd at 0.5
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g, 0.1 g and 0.05 g in 10 g of sediment; using methanol as the solvent; using 
individual control for each treated sample for more accurate dechlorination 
calculation; mixing the Mg/Pd and water before applying to the sediment; and 
mixing everything vigorously before placing samples in the shaker. Parallel 
samples were conducted with water to compare the dechlorination performance 
between methanol and water.
The dechlorination results analyzed by ANOVA indicated that overall the 
methanol samples had significantly higher dechlorination rates than those with 
water at 90% confidence (see Appendix A, Figure A. 19). When comparing the 
dechlorination between methanol and water samples at each Mg/Pd mass, 
significant difference at 90% confidence interval was found only for the 0.05 g 
Mg/Pd between methanol and water (see Appendix A, Figure A.20). The other 
samples did not show significant difference between the two solvents. There 
was also no significant difference found between the three different masses of 
Mg/Pd within each solvent, thus theoretically the lowest mass of 0.05 g was able 
to achieve the same dechlorination as the highest of 0.5 g. No significant 
difference was found when methanol and water samples were analyzed 
separately for dechlorination between their different Mg/Pd masses (Table 4.19). 
Although dechlorination between the different masses was not significant, the 
water samples seemed to be more sensitive to Mg/Pd mass than methanol 
samples indicated by the increasing average percent removal as Mg/Pd mass 
increased (Figure 4.24). However, in the water samples the Mg/Pd doses were 
found to be significantly different from each other only at a 20% confidence level
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(see Appendix A, Figure A.21). At 62% confidence 0.5 g became significantly 
different from 0.05 g only, and at 49% it was different from both 0.05 g and 0.1 g 
(see Appendix A, Figures A.22 & A.23). Based on ANOVA analysis the optimum 
Mg/Pd mass was determined to be 0.05g.
□ 0.05g Mg/Pd □ 0.1 g Mg/Pd ■ 0.5g Mg/Pd
80%  - i -------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------
Methanol Deionized Water
Solvent
Figure 4.24. Average percent PCB dechlorination for New Bedford Harbor
sediment samples treated with three masses Mg/Pd and 10 mL of 
either methanol or water for 24 hours.
145
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 4.19. New Bedford Harbor sediment samples treated with three masses of 
Mg/Pd and 10 mL of either methanol or water for 24 hours.
Solvent Mg/Pd (g)
PCB Concentration (p pm) Percent
Dechlorination Average
Standard
























































This section compares the economics of treating PCB contaminated 
sediments by in-situ dechlorination with Mg/Pd to the most common remediation 
method for contaminated sediments, dredging. The cost analysis for the 
dechlorination treatment was based solely on the net material costs of Mg and 
Pd. The cost analysis does not include the following costs: combining Mg and 
Pd to form Mg/Pd; transportation of raw materials to Mg/Pd manufacturing facility 
and thereafter transportation of Mg/Pd to the remediation site; energy costs of 
mixing the Mg/Pd within the sediment; equipment; personnel; or any other 
operation and maintenance costs not mentioned herein.
Cost estimates were based on the average prices of both metals in 2004 
obtained from the United States Geological Survey (USGS) Mineral Commodity 
Summaries of 2006 (George, 2006; Kramer, 2006). The average price for one 
pound of Mg in 2004 was $1.58 in U.S. dollars. A troy ounce of Pd in 2004 was
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$232.93 U.S. dollars which is equivalent to $7.49 per gram (conversion factor of 
31.1034807 grams per troy ounce). The total cost of Mg/Pd per one cubic yard 
of sediment was calculated based on: (1) approximately 880 pounds (lbs) of dry 
sediment weight per cubic yard; (2) 0.01 percent Pd by weight of Mg; and (3) by 
the Mg/Pd dose applied to the sediment. The Mg/Pd percent doses were derived 
from experimental doses discussed in previous sections and were based on 10 g 
dry sediment weight. Thus, the smallest Mg/Pd mass of 0.05 g determined to 
achieve significant dechlorination (section 4.6) corresponds to 0.5% dose. The 
following Table 4.20 shows a cost comparison between the different Mg/Pd 
doses to treat one cubic yard of dry sediment.
Table 4.20. Cost comparison between Mg/Pd doses to treat one cubic yard of 
sediment.
Mg/Pd Percent Dose
Total Metal Mass 
Needed per Dose
Total Cost per 
Metal
Mg/Pd Cost 
(Mg + 0.01 %Pd)
0.5%
Mg 4.4 lbs $ 6.95 $ 8.45
Pd (0.01% of Mg) 0.20 g $ 1.49
1.0%
Mg 8.8 lbs $ 13.90 $ 16.89
Pd (0.01% of Mg) 0.40 g $ 2.99
5.0%
Mg 44 lbs $ 69.52 $ 84.47
Pd (0.01% of Mg) 2.00 g $ 14.95
10%
Mg 88 lbs $ 139.04 $ 168.93
Pd (0.01% of Mg) 3.99 g $ 29.89
A cost comparison was also performed for two PCB contaminated sites, 
NBH and HUR, between two remediation techniques, dredging and in-situ
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dechlorination with a 0.5% Mg/Pd dose (Table 4.21). Dredging sediment 
volumes and total costs were obtained from the First Five-Year Review Report 
for the New Bedford Harbor Superfund Site (2005) and the Superfund Proposed 
Plan for the Hudson River PCBs Superfund Site (2000). The dredging total cost 
figures take into account operation and maintenance, whereas the in-situ 
dechlorination does not.
Looking at reagents costs only, in-situ dechlorination with 0.5% Mg/Pd dose 
could be a feasible option when compared to the cost of dredging the same 
volume of sediment. Unlike dredging, in-situ dechlorination destroys the PCBs in 
the sediment and thus does not require the sediment to be transported to a 
landfill after treatment. Also, the use of biodegradable solvents in addition to the 
Mg/Pd could further optimize the Mg/Pd dose by minimizing the mass of the 
reagent and thus decreasing its cost. The use of the additional solvent could 
increase the overall costs of materials. However, depending on the solvent, this 
increase is anticipated to be nominal in comparison to the cost of the Mg and Pd.
Table 4.21. Cost comparison between dredging and in-situ dechlorination with 
0.5% Mg/Pd dose for New Bedford Harbor and Hudson River 
remediation sites.















New Bedford Harbor, NY 25,000 per year $15 million per year $ 600 $ 211,166 $ 8.45
Hudson River, NY 2.65 million $460 million $ 174 $ 22,383,575 $ 8.45
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CHAPTER 5
SUMMARY AND CONCLUSIONS
PCBs are one of the top priority contaminants due largely to their vast 
contamination in the environment and recalcitrance to degrade. Their presence 
in the environment is harmful to fauna and humans as PCBs have been shown to 
cause many significant health effects and are probable human carcinogens. 
Although many remediation technologies exist for PCB contaminated sediments 
most are not cost effective for large quantities of contaminated sediments leaving 
dredging and capping as the most prevalent treatment choices. Both these 
treatments isolate the contaminated sediment but do not destroy the 
contaminant.
The goal of this research project is to develop an alternative cost effective 
treatment technology for the remediation PCB contaminated sediments, that 
could be used both in-situ and ex-situ, by chemically destroying PCBs with 
Mg/Pd. In particular, this thesis focused on PCB dechlorination by Mg/Pd in 
sediments by optimization in four areas: Mg/Pd minimization, reaction kinetics 
minimization, enhancement of PCB availability through solvents, and 
enhancement of Mg/Pd and PCB contact. The following summarizes the findings 
and conclusions from this study.
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5.1. Findings Summary and Conclusions
5.1.1. Desorption
PCB desorption from sediments was found to be highly influenced by 
sediment characteristics such as the organic content, aging, type of sediment 
and PCB concentration. The NBH sediment had lower percent PCB desorbed 
when compared to the HSR. It also had a much higher percent organic content, 
silt/clay content and PCB concentration than the HSR. The differences between 
the sediments was not only evident in the percent PCB desorption but also in the 
desorption behavior. In the HSR, most congeners desorbed primarily on the first 
day indicating that the PCBs were more available than in the NBH where many 
congeners desorbed primarily after the fifth day. The difference in desorption 
was reflected in the slope changes of the desorption curves. The HSR curve 
revealed two phases of desorption consisting of a rapid phase for the first 5 days 
and slow phase for the remainder of the experiment and correlated to biphasic 
desorption behavior reported in literature (Dunnivant et al., 2005; Griffiths, 2004; 
Gong et al., 1998; van Noort et al., 2003). The NBH desorption did not have as 
noticeable a slope change and it could not be determined whether desorption 
consisted in the rapid phase only or if a slow phase was present.
A homolog specific analysis showed that higher chlorinated congeners 
were more highly sorbed to the sediment than lighter ones. In the HSR the less 
chlorinated congeners in the mono- to tri- homologs desorbed almost completely 
whereas mid to highly chlorinated congeners from the tetra- to octa- homologs 
remained sorbed to the sediment. In NBH the mono- to tri- homologs had
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percent desorption from 10% to 40% and the mid to highly chlorinated congeners 
desorbed at less than 10%.
This experiment was performed to indicate whether dechlorination would 
be rate-limited by desorption. Dechlorination rates were greater than those of 
desorption. Dechlorination was also not limited to highly sorptive congeners that 
did not desorb during the 50 day experiment. Although completely dechlorination 
of all congeners was not achieved it is unknown whether this was caused by the 
limitation of the Mg/Pd reactivity or availability of the PCBs to the Mg/Pd.
5.1.2. Dechlorination
Dechlorination experiments were conducted in single time batches and in 
kinetic series to determine dependence of dechlorination on Mg/Pd mass and 
time.
Earlier experiments quickly indicated that dechlorination with Mg/Pd was 
occurring in one of the most difficult to remediate sediments, NBH. Due to the 
sediment’s composition and PCB concentration heterogeneity it was difficult to 
determine exactly how much dechlorination was occurring. Dechlorination 
calculations used the treated sample’s concentration as final and the average of 
several control samples as the initial, with the assumption that the PCBs were 
evenly distributed throughout the sediment from which the samples were derived. 
This assumption soon proved to be inadequate for this type of sediment as some 
treated samples had PCB concentrations greater than the controls yielding 
negative dechlorination values, most likely due to PCB variability within the
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treated sample. As a result subsequent experiments used an individual control 
sample for each treated sample given a more exact estimate of how much 
dechlorination had occurred.
Congener specific analysis was performed to detect dechlorination 
byproducts by comparing the congener concentrations before and after treatment 
and if concentrations of lower chlorinated congeners increased after treatment. 
Overall, byproducts were not detected as the concentration of all the congeners 
after treatment was lower than in the controls, including highly chlorinated 
congeners that were found to be unavailable in the desorption experiment. Thus 
dechlorination was not desorption limited for most of the dechlorination, and 
lower congener byproduct formation was not detected. Although byproducts may 
have formed from the dechlorination of higher chlorinated congeners, they may 
have been dechlorinated rapidly. Chlorine production as another means of 
measuring dechlorination was not performed in this study due to the difficulties of 
measuring chloride in sediments as well as the high background chloride 
associated with the Mg/Pd and the sediments.
Kinetic experiments presented some difficulties in conducting the 
mechanics of the experiments. First, initial sediment homogenization was not 
optimal. These experiments required larger amounts of sediment than normal 
because of all the subsamples that needed to be taken, thus was more difficult to 
homogenize with a spatula. This form of homogenization may not have been 
sufficient to distribute the PCBs evenly throughout the sediment and perhaps 
retained hot spots of PCBs. Secondly, it was difficult to extract exactly 10 g of
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dry sediment from the reactor batch sediment slurry thus 20 g were sampled with 
the assumption that 10 g corresponded to water and the other 10 g sediment. A 
proposed method for conducting kinetic experiments in sediments would be to 
sacrifice individual samples at each sampling hour instead of subsampling 
aliquots from one reactor batch. Individual 10 g sediment could be treated with 
the required mass of Mg/Pd and quenched at the different time events. Smaller 
sediments amounts would be easier to homogenize with a spatula if better mixing 
is not possible and a known sediment amount can be used when calculating 
dechlorination instead of an assumed mass.
Results from the kinetic experiments analyzed by ANOVA showed that 
samples with 0.1 g and 0.5 g Mg/Pd had higher dechlorination than with 1 g and 
no significant difference in dechlorination existed between the 0.1g and 0.5g.
The large gas generated with the 1 g Mg/Pd samples pushed the sediments up 
the beaker and may have hindered the sediment’s contact with the Mg/Pd 
resulting in lower dechlorination. In general, the dechlorination rates seemed to 
stabilize before 24 hours with dechlorination occurring as quickly as within the 
first hour. However, dechlorination kinetics are highly dependent on the type of 
sediment. This was evident in one kinetic experiment where the majority of the 
dechlorination occurred within the first hour for HSR whereas in HUR and NBH it 
occurred in the second hour.
The final optimization experiment used 0.05 g, 0.1 g and 0.5 g Mg/Pd and 
no significant difference was found between the three masses. Thus the optimal 
Mg/Pd to treat 10 g of wet NBH sediment was found to be 0.05 g which makes
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the technology much more cost effective since its cost is highly driven by the 
amount of Mg/Pd.
5.1.3. Optimization of PCB Dechlorination Using Solvents
The solvent experiments investigated the use of nonpolar and polar 
solvents in enhancing dechlorination of PCBs in NBH sediments. The use of two 
nonpolar citrus based solvents proved to be inefficient in increasing PCB 
dechlorination in sediment when compared to water due to their loss during the 
dechlorination reaction and their inability to desorb the PCBs from the wet 
sediment. The solvents evaporated during the exothermic dechlorination 
reaction and while the addition of water prevented their evaporation the resulting 
dechlorination was due to the water and not the solvents. A solvent desorption 
experiment further demonstrated that the solvents could not desorb PCBs from 
sediment due to their lack of polarity that did not allow them to compete with 
water to interact with the mineral sites of the sediments and thus were not able to 
reach the PCBs in the SOM and on mineral sites.
Polar solvents were also tested but two solvents, methylene chloride and 
acetone, had similar evaporation problems as the citrus based solvent due to 
their high volatility. The less volatile methanol remained in the slurry during the 
full 48 hours regardless of the exothermic heat generated by the dechlorination 
reaction and the continuous shaking. The average dechlorination rate achieved 
by methanol samples was even higher than previous similar samples with added 
water. The dechlorination efficacy was thus correlated to the solvent’s polarity
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and volatility in that the polar organic solvent methanol was able to interact with 
both the mineral and SOM sites of the sediment to reach the PCBs without 
volatilizing. Samples with methanol achieved greater dechlorination that any 
previous samples with other solvents or water because it is hypothesized that the 
methanol was able to enhance the availability of the PCBs from the sediment 
allowing it to come in contact with Mg/Pd for dechlorination.
Methanol proved to be very effective in enhancing dechlorination by 
achieving higher dechlorination with lower masses of Mg/Pd. However, methanol 
may not be applicable for in-situ or even ex-situ remediation application due to its 
flammability and health hazards. A less hazardous alternative could be ethanol. 
Bench scale experiments would have to be performed to determine if ethanol, 
like methanol, can enhance dechlorination without evaporating during the 
exothermic dechlorination reaction. If the use of a polar solvent is not feasible 
due to cost and/or hazard, water could be used instead. NBH sediment samples 
treated with 1 g Mg/Pd and water for 48 hours showed dechlorination of 
approximately 50%. Even if 100% dechlorination is not achieved a post­
treatment desorption experiment could be perform to determine whether in fact 
any remaining PCB is bioavailable. Based on the desorption experiment it is 
hypothesized that any remaining PCB would most likely be highly chlorinated 
congeners which had very small desorption rates and thus would not be 
bioavailable to microorganisms or the aqueous phase. The degradation of 
undechlorinated PCBs could also be enhanced by using terpene-based solvents 
post-treatment. Although the use of two terpene-based solvents in this study did
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not enhance dechlorination their use post-treatment could still prove beneficial. 
Several studies showed that the presence of terpenes increased the 
biodegradability of PCBs due to the terpenes’ structural similarity to biphenyl 
(Dercova et al., 2003; Hernandez et al., 1997).
5.1.4. Mixing Optimization
Mixing was found to be one of the key factors in optimizing dechlorination 
both in distribution the Mg/Pd more evenly within the sediment and in combining 
the Mg/Pd, water and sediment together. In earlier experiments the Mg/Pd was 
added directly to the sediment and combined manually with a spatula. This was 
inefficient is two ways. First, using a spatula to mix the sediment with the dry 
Mg/Pd was not sufficient to combine both. Second, when the dry Mg/Pd was 
added it landed mostly on the top of the sediment and was unable to reach the 
remainder of the sediment. Combining the Mg/Pd with the water before adding 
to the sediment allowed the Mg/Pd to be distributed more evenly within the 
sediment and made it easier to combine everything with a spatula. Also the 
addition of dry Mg/Pd to sediment may not be practicable at a larger scale due to 
the risk of the flammability that may result from the contact of the Mg/Pd with 
water vapors.
Another experiment investigated the effects of mixing on dechlorination by 
comparing vigorously mixing the Mg/Pd, water and sediment once and leaving it 
static versus continuously shaking it for the duration of the experiment. The 
results analyzed by ANOVA indicated that the dechlorination in the continuously
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shaken samples was not significantly different from the static samples. Since the 
dechlorination reaction occurs quickly it is critical to introduce the Mg/Pd evenly 
throughout the sediment to allow as much PCBs to contact the Mg/Pd. Thus 
initial vigorous mixing of the Mg/Pd, water and sediment may be sufficient to 
achieve high levels of dechlorination whereas continuous shaking afterwards 
may not be sufficient to increase the contact of Mg/Pd with the PCBs. The film 
diffusion of the Mg/Pd to the sediment particle can be reduced and even 
eliminated with vigorous mixing, which will also ensure that bulk liquid transport is 
not rate-limiting (Pignatello et al., 1996).
Vigorous mixing once initially could be advantageous in that less energy 
may be needed than continuous mixing for hours. One advantage of continuous 
shaking over mixing once was that it was able to keep the sediment slurry and 
prevented the sediment from expanding too much in the beaker. Shaking the 
sediment continuously allows the gas to escape more easily keeping the 
sediment slurry. Further investigation is needed to determine if initial vigorous 
mixing is sufficient enough at a large scale to distribute Mg/Pd within the 
sediment and maintain the sediment as a slurry, or whether a continuous mixing 
afterward would be necessary to expedite the release of H2 gas and prevent the 
sediment bed from rising. Containment of expanding sediment due to gas 
formation could be difficult in an in-situ application. Although continuous mixing 
may help contain the sediment the energy requirements could increase the cost 
of remediation.
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5.2. Future Recommendations
The following recommendations are based on the experiences learned 
conducting this research and are intended to contribute to the continuing 
development of this promising remediation technology.
1. Evaluate the use of ethanol or other less hazardous polar solvents in place of 
methanol to enhance PCB availability from sediment. An ideal solvent for in- 
situ application would be a terpene-based polar solvent because any 
remaining solvent may increase the biodegradation of undechlorinated PCBs 
after treatment with Mg/Pd. The use of solvent may be more feasible in a 
controlled environment such as ex-situ application of Mg/Pd in PCB 
contaminated dredged sediment.
2. Investigate the bioavailability of undechlorinated PCBs after treatment with 
Mg/Pd. A desorption experiment with Tenax can be conducted after a few 
days of treating sediment with Mg/Pd to look at the long term (months) and/or 
short term (days) desorption of PCBs from the treated sediment. If desorption 
is very small then the initial treatment conditions may be sufficient to . 
decrease the toxicity risk caused by the original PCB concentration.
3. Further minimize Mg/Pd mass and volume of liquid, whether a solvent or 
water, added while still maintaining high dechlorination rates. In this research 
10 mL of liquid was used as a standard in almost all experiments. However, 
the liquid volume can be optimized to lower amounts in order to reduce costs 
that may be associated with using it in large volumes on a larger scale. Using
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less Mg/Pd would be beneficial not only economically but also might reduce 
the formation of H2 gas which might diminish sediment rise.
4. Perform optimized dechlorination experiments using other contaminated 
sediments such as the HSR and HUR. Although only a few experiments were 
conducted with HSR sediments, higher dechlorination rates are expected 
than with NBH sediment due to this sediment’s lower organic content, silt/clay 
content and PCB concentration.
5. Perform optimized dechlorination experiments at a large scale such as a pilot 
study for in-situ and/or ex-situ application. Some of the key issues that could 
be studied at larger scale would be introducing the Mg/Pd slurry to the 
sediment in an evenly distributed manner; minimizing sediment rise due to 
gas formation; evaluating the extent and effect of the heat generation from the 
dechlorination reaction; evaluate the effects of residual Mg/Pd and/or solvent; 
and test feasible methods to remove Mg/Pd after treatment. Advantages of 
treating dredged contaminated sediment would be decreased disposal cost 
as PCB concentration would be reduced, as well as a more controlled 
remediation environment compared to in-situ. Advantages of treating 
contaminated sediments in-situ would be the destruction of the PCBs without 
removing the sediment thus lowering transportation and disposal costs of 
contaminated dredged sediment. However post-treatment monitoring on the 
remediated site may be required to evaluate the effects of residual PCBs, 
Mg/Pd and solvent if used.
160
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6. Investigate other methods of enhancing the dechlorination reaction such 
increasing temperature slightly (Korte et al., 2002) to further minimize Mg/Pd 
mass and/or solvent needed.
7. It is important to close the dechlorination mass balance in order to determine 
that in fact dechlorination and not volatilization is occurring by accounting for 
dechlorinated chloride ions, formation of dechlorination byproducts and/or 
formation of H2 gas. Dechlorination reaction is exothermic and thus it is 
imperative that the observed reduction of PCB concentrations is due to 
dechlorination and not by PCBs volatilization, especially lower chlorinated 
congeners (Erickson, 1997). A case study on the use of quicklime to 
remediate PCB contaminated sediment showed that in fact the reduction of 
PCBs was due to their volatilization from the exothermic reaction during the 
hardening of the quicklime and not to the quicklime’s sequestering of the 
PCBs (Erickson, 1997).
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Root Mean Square Error
Mean of Response






Source DF Sum of Squares Mean Square F Ratio Prob > F
Time 3 0.02256122 0.007520 28.4167 0.0342
Error 2 0.00052930 0.000265
C. Total 5 0.02309051
Means for Oneway Anova 
Level Number Mean Std Error Lower 90% Upper 90%
2 0.218265 0.01150 0.18468 0.25185
1 0.341625 0.01627 0.29412
1 0.329015 0.01627 0.28151
2 0.357940 0.01150 0.32435
Std Error uses a pooled estimate of error variance






























Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
48 2 0.1396750 0.092173 0.1871773 0.0132954
16 2 0.1233598 0.065182 0.1815380 0.0251080
24 2 0.1107494 0.052571 0.1689276 0.0308741
48 24 0.0289256 -0.029253 0.0871038 0.2836847
48 16 0.0163152 -0.041863 0.0744934 0.4989126
16 24 0.0126104 -0.054568 0.0797888 0.6386121
Figure A.1. ANOVA for dechlorination values of section 4.3.3 experiment at 90% 
confidence with outliers 25.2% at 16 hours, 7.1% at 24 hours and 
9.3% at 36 hours removed. See Table 4.9 for dechlorination values.
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Root Mean Square Error 0.186847
Mean of Response 0.5905
Observations (or Sum Wgts) 10
I Analysis of Variance 
Source DF Sum of Squares Mean Square
ID 4 0.21961300 0.054903
Error 5 0.17455950 0.034912
C. Total 9 0.39417250
Means for Oneway Anova
F Ratio Prob > F 
1.5726 0.3123
Level Number Mean Std Error Lower 90% Upper 90%
12hr 2 0.386000 0.13212 0.11977 0.6522
thr 2 0.793000 0.13212 0.52677 1.0592
2hr 2 0.710500 0.13212 0.44427 0.9767
4hr 2 0.478500 0.13212 0.21227 0.7447
8hr 2 0.584500 0.13212 0.31827 0.8507
Std Errc)r uses a pooled estimate of error variance
Means Comparisons 





2hr A B 0.71050000
8hr A B 0.58450000
4hr A B 0.47850000
12hr B 0.38600000
Levels not connected by same letter are sjgnificantly different
Level - Level Difference Lower CL Upper CL p-Value
1hr 12hr 0.4070000 0.030494 0.7835063 0.0812923
2hr 12hr 0.3245000 -0.052006 0.7010063 0.1429493
1hr 4hr 0.3145000 -0.062006 0.6910063 0.1531597
2hr 4hr 0.2320000 -0.144506 0.6085063 0.2694315
thr 8hr 0.2085000 -0.168006 0.5850063 0.3152091
8hr 12hr 0.1985000 -0.178006 0.5750063 0.3366648
2hr 8hr 0.1260000 -0.250506 0.5025063 0.5300052
8hr 4hr 0.1060000 -0.270506 0.4825063 0.5950269
4hr 12hr 0.0925000 -0.284006 0.4690063 0.6415454
1hr 2hr 0.0825000 -0.294006 0.4590063 0.6772653
(
/
Figure A.2. ANOVA for 0.1 g Mg/Pd of section 4.3.5 experiment at 90%
confidence with outliers 24 and 24(d) hours removed. See Table
4.10 for dechlorination values.
172
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.











1hr 2hr Bhr12hr 4hr





Root Mean Square Error 0.186847
Mean of Response 0.5905
Observations (or Sum Wgts) 10
j Analysis of Variance ;
Source DF Sum of Squares Mean Square F Ratio Prob > F
ID 4 0.21961300 0.054903 1.5726 0.3123
Error 5 0.17455950 0.034912
C. Total 9 0.39417250
Means for Oneway Anova
Level Number Mean Std Error Lower 80% Upper 80%
12hr 2 0.386000 0.13212 0.19100 0.5810
1hr 2 0.793000 0.13212 0.59800 0.9880
2hr 2 0.710500 0.13212 0.51550 0.9055
4hr 2 0.478500 0.13212 0.28350 0.6735
8hr 2 0.584500 0.13212 0.38950 0.7795
Std Error uses a pooled estimate of error variance 
Means Comparisons 





2hr A B 0.71050000
8hr A B C 0.58450000
4hr B C 0.47850000
12hr C 0.38600000
Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
1hr 12hr 0.4070000 0.131235 0.6827649 0.0812923
2hr 12hr 0.3245000 0.048735 0.6002649 0.1429493
Ihr 4hr 0.3145000 0.038735 0.5902649 0.1531597
2hr 4hr 0.2320000 -0.043765 0.5077649 0.2694315
1hr 8hr 0.2085000 -0.067265 0.4842649 0.3152091
8hr 12hr 0.1985000 -0.077265 0.4742649 0.3366648
2hr 8hr 0.1260000 -0.149765 0.4017649 0.5300052
8hr 4hr 0.1060000 -0.169765 0.3817649 0.5950269
4hr 12hr 0.0925000 -0.183265 0.3682649 0.6415454
1hr 2hr 0.0825000 -0.193265 0.3582649 0.6772653
Figure A.3. ANOVA for 0.1 g Mg/Pd of section 4.3.5 experiment at 80%
confidence with outliers 24 and 24(d) hours removed. See Table
4.10 for dechlorination values.
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Root Mean Square Error 
Mean of Response 
Observations (or Sum Wgts)
Analysis of Variance 
Source DF Sum of Squares Mean Square
ID 4 0.06948700 0.017372
Error 5 0.04040550 0.008081
C. Total 9 0.10989250
Means for Oneway Anova
F Ratio Prob > F 
2.1497 0.2116
Level Number Mean Std Error Lower 90% Upper 90%
12hr 2 0.551500 0.06357 0.42341 0.67959
1 hr 2 0.781500 0.06357 0.65341 0.90959
2hr 2 0.752000 0.06357 0.62391 0.88009
4hr 2 0.680000 0.06357 0.55191 0.80809
8hr 2 0.627500 0.06357 0.49941 0.75559
Std Error uses a pooled estimate of error variance
Means Comparisons 






4hr A B 0.68000000
8hr A B 0.62750000
12hr B 0.55150000
Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
1hr 12hr 0.2300000 0.048857 0.4111426 0.0507364
2hr 12hr 0.2005000 0.019357 0.3816426 0.0761285
1 hr 8hr 0.1540000 -0.027143 0.3351426 0.1473649
4hr 12hr 0.1285000 -0.052643 0.3096426 0.2122613
2hr 8hr 0.1245000 -0.056643 0.3056426 0.2246788
1 hr 4hr 0.1015000 -0.079643 0.2826426 0.3100982
8hr 12hr 0.0760000 -0.105143 0.2571426 0.4364471
2hr 4hr 0.0720000 -0.109143 0.2531426 0.4595197
4hr 8hr 0.0525000 -0.128643 0.2336426 0.5845642
1 hr 2hr 0.0295000 -0.151643 0.2106426 0.7560867
Figure A.4. ANOVA for 0.5 g Mg/Pd of section 4.3.5 experiment at 90%
confidence with outliers 24 and 24(d) hours removed. See Table
4.10 for dechlorination values.
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12hr 1hr 2hr 4hr 8hr





Root Mean Square Error 0.089895
Mean of Response 0.6785
Observations (or Sum Wgts) 10
I Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F
ID 4 0.06948700 0.017372 2.1497 0.2116
Error 5 0.04040550 0.008081
C. Total 9 0.10989250
Means for Oneway Anova \
Level Number Mean Std Error Lower 80% Upper 80%
12hr 2 0.551500 0.06357 0.45768 0.64532
1hr 2 0.781500 0.06357 0.68768 0.87532
2hr 2 0.752000 0.06357 0.65818 0.84582
4hr 2 0.680000 0.06357 0.58618 0.77382
8hr 2 0.627500 0.06357 0.53368 0.72132
Std Error uses a pooled estimate of error variance 
Means Comparisons 




1 hr A 0.78150000
2hr A B 0.75200000
4hr A B C 0.68000000
8hr B C 0.62750000
12hr C 0.55150000
Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
1hr 12hr 0.2300000 0.097325 0.3626745 0.0507364
2hr 12hr 0.2005000 0.067825 0.3331745 0.0761285
1hr 8hr 0.1540000 0.021325 0.2866745 0.1473649
4hr 12hr 0.1285000 -0.004175 0.2611745 0.2122613
2hr 8hr 0.1245000 -0.008175 0.2571745 0.2246788
1 hr 4hr 0.1015000 -0.031175 0.2341745 0.3100982
8hr 12hr 0.0760000 -0.056675 0.2086745 0.4364471
2hr 4hr 0.0720000 -0.060675 0.2046745 0.4595197
4hr 8hr 0.0525000 -0.080175 0.1851745 0.5845642
1hr 2hr 0.0295000 -0.103175 0.1621745 0.7560867
Figure A.5. ANOVA for 0.5 g Mg/Pd of section 4.3.5 experiment at 80%
confidence with outliers 24 and 24(d) hours removed. See Table
4.10 for dechlorination values.
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Root Mean Square Error 0.143242
Mean of Response 0.4
Observations (or Sum Wgts) 12
Analysis of Variance 
Source DF Sum of Squares
ID 5  0.50473600
Error 6 0.12311000





F Ratio Prob > F 
4.9199 0.0390
Level Number Mean Std Error Lower 90% Upper 90%
12hr 2 0.245000 0.10129 0.0482 0.44182
1hr 2 0.665500 0.10129 0.4687 0.86232
24hr 2 0.158000 0.10129 -0.0388 0.35482
2hr 2 0.498500 0.10129 0.3017 0.69532
4hr 2 0.205500 0.10129 0.0087 0.40232
8br 2 0.627500 0.10129 0.4307 0.82432
Std Error useis a pooled estimate of erroi■ variance
Means Comparisons 







2hr A B 0.49850000
12hr B C 0.24500000
4hr C 0.20550000
24hr C 0.15800000
Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
1hr 24hr 0.5075000 0.229155 0.7858455 0.0121754
8hr 24hr 0.4695000 0.191155 0.7478455 0.0168717
1hr 4hr 0.4600000 0.181655 0.7383455 0.0183360
8hr 4hr 0.4220000 0.143655 0.7003455 0.0257443
1hr 12hr 0.4205000 0.142155 0.6988455 0.0260968
8hr 12hr 0.3825000 0.104155 0.6608455 0.0370117
2hr 24hr 0.3405000 0.062155 0.6188455 0.0549858
2hr 4hr 0.2930000 0.014655 0.5713455 0.0867826
2hr 12hr 0.2535000 -0.024845 0.5318455 0.1271716
1hr 2hr 0.1670000 -0.111345 0.4453455 0.2879157
8hr 2hr 0.1290000 -0.149345 0.4073455 0.4025140
12hr 24hr 0.0870000 -0.191345 0.3653455 0.5658713
4hr 24hr , 0.0475000 -0.230845 0.3258455 0.7514632
12hr 4hr 0.0395000 -0.238845 0.3178455 0.7919863
1hr 8hr 0.0380000 -0.240345 0.3163455 0.7996690
ure A.6 ANOVA for 1.0 g Mg/P
confidence with outliers 48 and 48(d) hours removed. See Table
4.10 for dechlorination values.
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Oneway Analysis of Dechlorination By ID
Each Pair 
Student's t





Root Mean Square Error 0.143242
Mean of Response 0.4
Observations (or Sum Wgts) 12
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio P rob>F
ID 5 0.50473600 0.100947 4.9199 0.0390
Error 6 0.12311000 0.020518
C. Total 11 0.62784600
Means for Oneway Anova
Level Number Mean Std Error Lower 80% Upper 80%
12hr 2 0.245000 0.10129 0.0992 0.39083
1hr 2 0.665500 0.10129 0.5197 0.81133
24hr 2 0.158000 0.10129 0.0122 0.30383
2hr 2 0.498500 0.10129 0.3527 0.64433
4hr 2 0.205500 0.10129 0.0597 0.35133
8hr 2 0.627500 0.10129 0.4817 0.77333
Std Error useis a pooled estirrtate oferro r variance
Means Comparisons 










Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
1hr 24hr 0.5075000 0.301266 0.7137338 0.0121754
8hr 24hr 0.4695000 0.263266 0.6757338 0.0168717
1hr 4hr 0.4600000 0.253766 0.6662338 0.0183360
8hr 4hr 0.4220000 0.215766 0.6282338 0.0257443
1hr 12hr 0.4205000 0.214266 0.6267338 0.0260968
8hr 12hr 0.3825000 0.176266 0.5887338 0.0370117
2hr 24hr 0.3405000 0.134266 0.5467338 0.0549858
2hr 4hr 0.2930000 0.086766 0.4992338 0.0867826
2hr 12hr 0.2535000 0.047266 0.4597338 0.1271716
1hr 2hr 0.1670000 -0.039234 0.3732338 0.2879157
8hr 2hr 0.1290000 -0.077234 0.3352338 0.4025140
12hr 24hr 0.0870000 -0.119234 0.2932338 0.5658713
4hr 24hr 0.0475000 -0.158734 0.2537338 0.7514632
12hr 4hr 0.0395000 -0.166734 0.2457338 0.7919863
1 hr 8hr 0.0380000 -0.168234 0.2442338 0.7996690
Figure A.7. ANOVA for 1.0 g Mg/Pd of section 4.3.5 experiment at 80%
confidence with outliers 48 and 48(d) hours removed. See Table
4.10 for dechlorination values.
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Root Mean Square Error 
Mean of Response 
Observations (or Sum Wgts)
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio Prob > F
Mg/Pd 2 0.4511469 0.225573 5.7793 0.0077
Error 29 1.1319110 0.039031
C. Total 31 1.5830579
: Means for Oneway Anova
Level Number Mean Std Error Lower 90% Upper 90%
0.1 10 0.590500 0.06248 0.48435 0.69665
0.5 10 0.678500 0.06248 0.57235 0.78465
1 12 0.400000 0.05703 0.30310 0.49690
Std Error uses a pooled estimate of error variance 
Means Comparisons 







Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
0.5 1 0.2785000 0.134768 0.4222321 0.0026185
0.1 1 0.1905000 0.046768 0.3342321 0.0320657
0.5 0.1 0.0880000 -0.062123 0.2381233 0.3274874
Figure A.8. ANOVA for 0.1 g, 0.5 g and 1.0 g Mg/Pd of section 4.3.5 experiment 










Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Oneway Analysis of Dechlorination By Mg/Pd
0.55-
0.5-






/  " ''X' 
/ ( )
A  \  ■ //  \  \
V
/  ■ \







Root Mean Square Error 0.057541
Mean of Response 0.372824
Observations (or Sum Wgts) 4
tTest
1-2
Assuming equal variances 
Difference -0.16387 t Ratio -2.84787
Std Err Dif 0.05754 DF 2
Upper CL Dif 0.00415 Prob > |t| 0.1044
Lower CL Dif -0.33189 Prob > t 0.9478
Confidence 0.9 Prob < t 0.0522
fWSTj j |
-0.20 -0.10 .C
I I i f
0 .05 .10 .15 .20
Analysis of Variance








F Ratio Prob > F 
8.1104 0.1044
Means for Oneway Anova
Level Number Mean Std Error Lower 90% Upper 90%
1 2 0.290888 0.04069 0.17208 0.40970
2 2 0.454759 0.04069 0.33595 0.57357
Std Error uses a pooled estimate of error variance
Means Comparisons 






Levels not connected by same letter are significantly different 
Level - Level Difference Lower CL Upper CL p-Value
2 1 0.1638702 -0.004149 0.3318899 0.104353oi
Figure A.9. ANOVA for 1 g and 2 g Mg/Pd continuous mixing of section 4.3.6 
experiment at 90% confidence. See Table 4.11 for dechlorination 
values.
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Root Mean Square Error 0.075021
Mean of Response 0.483285
Observations (or Sum Wgts) 4
tTest
1-2
Assuming equal variances 
Difference -0.08898 t Ratio
Std Err Dif 0.07502 DF
Upper CL Dif 0.13009 Prob > |t|
Lower CL Dif -0.30804 Prob > t
Confidence 0.9 Prob < t
















Prob > F 
0.3574
Means for Oneway Anova
Level Number Mean Std Error Lower 90%
1 2 0.438798 0.05305 0.28390




Std Error uses a pooled estimate of error variance 
Means Comparisons






Levels not connected by same letter are significantly different 
Level - Level Difference Lower CL Upper CL p-Value
2 1 0.0889751 -0.130085 0.3080352 0.3574232[
Figure A.10. ANOVA for 1 g and 2 g Mg/Pd one-time mixing of section 4.3.6
experiment at 90% confidence. See Table 4.11 for dechlorination 
values.
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Root Mean Square Error
Mean of Response






DF Sum of Squares Mean SquareSource
Volume 3 0.03777837
Error • 4 0.18200050
C. Total 7 0.21977888





Prob > F 
0.8402
Level Number Mean Std Error Lower 90% Upper 90%
2.5 2 0.282000 0.15083 -0.0395 0.60355
5 2 0.394000 0.15083 0.0725 0.71555
7.5 2 0.463000 0.15083 0.1415 0.78455
10 2 0.325500 0.15083 0.0040 0.64705
Std Error uses a pooled estimate of error variance 
Means Comparisons 








Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
7.5 2.5 0.1810000 -0.273739 0.6357391 0.4439330
7.5 10 0.1375000 -0.317239 0.5922391 0.5542869
5 2.5 0.1120000 -0.342739 0.5667391 0.6272962
7.5 5 0.0690000 -0.385739 0.5237391 0.7625400
5 10 0.0685000 -0.386239 0.5232391 0.7641889
10 2.5 0.0435000 -0.411239 0.4982391 0.8483627
Figure A.11. ANOVA for d-limonene samples of section 4.4.2 experiment at 90% 
confidence. See Table 4.12 for dechlorination values.
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Root Mean Square Error 
Mean of Response 
Observations (or Sum Wgts)
Analysis of Variance
Source DF Sum of Squares
Volume 3 0.20382238
Error 4 0.07294250
C. Total 7 0.27676488











Prob > F 
0.1182
Level Number Mean Std Error Lower 90% Upper 90%
2.5 2 0.262000 0.09549 0.0584 0.46556
5 2 0.179000 0.09549 -0.0246 0.38256
7.5 2 0.574000 0.09549 0.3704 0.77756
10 2 0.480500 0.09549 0.2769 0.68406
Std Error uses a pooled estimate of e 
Means Comparisons 







10 A B 0.48050000
2.5 B C 0.26200000
5 C 0.17900000
Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
7.5 5 0.3950000 0.107117 0.6828832 0.0430249
7.5 2.5 0.3120000 0.024117 0.5998832 0.0819929
10 5 0.3015000 0.013617 0.5893832 0.0893444
10 2.5 0.2185000 -0.069383 0.5063832 0.1809624
7.5 10 0.0935000 -0.194383 0.3813832 0.5267878
2.5 5 0.0830000 -0.204883 0.3708832 0.5720366
Figure A. 12. ANOVA for hexane samples of section 4.4.2 experiment at 90% 
confidence. See Table 4.12 for dechlorination values.
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Root Mean Square Error 0.082088
Mean of Response 0.5806
Observations (or Sum Wgts) 5
Analysis of Variance
Source DF Sum of Squares Mean Square
Solvent 2 0.01596420 0'007982
Error 2 0.01347700 0.006739
C. Total 4 0.02944120
Means for Oneway Anova
Level Number Mean Std Error 
Hex 2 0.629500 0.05805
Water 2 0.511500 0.05805
dLirn 1 0.621000 0.08209
F Ratio 
1.1846
Prob > F 
0.4578




Std Error uses a pooled estimate of error variance 
Means Comparisons 




Hex A 0.62950000 
dLirn A 0.62100000 
Water A 0.51150000
Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
Hex Water 0.1180000 -0.121697 0.3576968 0.2871489
dLirn Water 0.1095000 -0.184067 0.4030675 0.3898348
Hex dLirn 0.0085000 -0.285067 0.3020675 0.9403237
Figure A.13. ANOVA for 7.5 mL d-limonene, 7.5 mL hexane, 10 ml_ (d) hexane, 
10 mL & 10 mL (d) water samples of section 4.4.2 experiment at 
90% confidence. See Table 4.12 for dechlorination values.
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Root Mean Square Error 0.192718
Mean of Response 0.490625
Observations (or Sum Wgts) 8
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio Prob > F
Solvent 3 0.02603137 0.008677 0.2336 0.8689
Error 4 0.14856050 0.037140
C. Total 7 0.17459188
Means for Oneway Anova J
Level Number Mean Std Error Lower 90% Upper 90%
Citrus Burst 2 2 0.392000 0.13627 0.10149 0.68251
Hexane 2 0.529000 0.13627 0.23849 0.81951
Water 2 0.521500 0.13627 0.23099 0.81201
dLimonene 2 0.520000 0.13627 0.22949 0.81051
Std Error uses a pooled estimate of error variance 
Means Comparisons 







Citrus Burst 2 A 0.39200000
Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
Hexane Citrus Burst 2 0.1370000 -0.273845 0.5478447 0.5164112
Water Citrus Burst 2 0.1295000 -0.281345 0.5403447 0.5384210
dLimonene Citrus Burst 2 0.1280000 -0.282845 0.5388447 0.5429020
Hexane dLimonene 0.0090000 -0.401845 0.4198447 0.9649906
Hexane Water 0.0075000 -0.403345 0.4183447 0.9708214
Water dLimonene 0.0015000 -0.409345 0.4123447 0.9941625
Figure A.14. ANOVA for dechlorination comparison between Citrus Burst 2, d- 
limonene, hexane and water of section 4.4.3 experiment at 90% 
confidence. See Table 4.13 for dechlorination values.
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Oneway Analysis of PCBs By Solvent
300
250-










Root Mean Square Error 41.78685
Mean of Response 187.8733
Observations (or Sum Wgts) 18
I Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio Prob > F
Solvent 2 1430.186 715.09 0.4095 0.6712
Error 15 26192.113 1746.14
C. Total 17 27622.299
Means for Oneway Anova
Level Number Mean Std Error Lower 90% Upper 90%
Hex 6 196.683 17.059 166.78 226.59
Water 6 175.660 17.059 145.75 205.57
dLirn 6 191.277 17.059 161.37 221.18
Std Error uses a pooled estimate of error variance 
Means Comparisons 







Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
Hex Water 21.02333 -21.2701 63.31681 0.3972635
dLirn Water 15.61667 -26.6768 57.91015 0.5272173
Hex dLirn 5.40667 -36.8868 47.70015 0.8256998
/
Figure A. 15. ANOVA for sediment PCB concentrations between d-limonene,
hexane and water of section 4.4.4 experiment at 90% confidence. 
See Table 4.14 for dechlorination values.
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Root Mean Square Error 
Mean of Response 

















Prob > F 
0.0223
i Means for Oneway Anova
Level Number Mean Std Error Lower 90%  
Acetone 2 0.365000 0.07243 0.19455
MeCI 2 0.271500 0.07243 0.10105
Methanol 2 0.836000 0.07243 0.66555
Std Error uses a pooled estimate of error variance 
Means Comparisons 
Comparisons for each pair using Student's t
t Alpha
2.35336 0.1












Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
Methanol MeCI 0.5645000 0.323450 0.8055504 0.0117629 I /  ______I
Methanol Acetone 0.4710000 0.229950 0.7120504 0.0193311 I __s  |
Acetone MeCI 0.0935000 -0.147550 0.3345504 0.4286362 ISm  I I i t
Figure A.16. ANOVA for dechlorination values between methylene chloride, 
acetone and methanol of section 4.4.5 experiment at 90% 
confidence. See Table 4.15 for dechlorination values.
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Root Mean Square Error 
Mean of Response 
Observations (or Sum Wgts) 
tTcst
no shaking-shaking 
Assuming equal variances 
Difference 0.14791 t Ratio
Std Err Dif 0.07169 DF
Upper CL Dif 0.35723 Prob > |t|
Lower CL Dif -0.06141 P ro b > t
Confidence 0.9 Prob < t
Analysis of Variance
Source DF Sum of Squares Mean Square
Shaking 1 0.02187715 0.021877
Error 2 0.01027777 0.005139
C. Total 3 0.03215492




0.9124 - 0.2 - 0.1
F Ratio 
4.2572
Prob > F 
0.1752
Level Number Mean Std Error Lower 90%
no shaking 2 0.438798 0.05069 0.29078
shaking 2 0.290888 0.05069 0.14288
Std Error uses a pooled estimate of error variance 
Means Comparisons 







no shaking A 0.43879776 
shaking A 0.29088848
Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value 
no shaking shaking 0.1479093 -0.061413 0.3572314 0.17515631 T
Figure A. 17. ANOVA for 1g Mg/Pd comparison between one-time mixing versus 
continuous mixing of section 4.5.4 experiment at 90% confidence. 
See Table 4.11 for dechlorination values.
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Root Mean Square Error 
Mean of Response 










Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence
0.07301 t Ratio 
0.06165 DF 
0.25302 Prob > |t| 





0.8210 -0.10 .00 .05 .10 .15 .20
Prob > F 
0.3579
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Shaking 1 0.00533106 0.005331 1.4028
Error 2 0.00760051 0.003800
C. Total 3 0.01293157
Means for Oneway Anova
Level Number Mean Std Error Lower 90% Upper 90%
no shaking 2 0.527773 0.04359 0.40049 0.65506
shaking 2 0.454759 0.04359 0.32748 0.58204
Std Error uses a pooled estimate of error variance 
Means Comparisons 




no shaking A 0.52777285 
shaking A 0.45475873
Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
no shaking shaking 0.0730141 -0.106992 0.2530202 0.3579318^
Figure A. 18. ANOVA for 2g Mg/Pd comparison between one-time mixing versus 
continuous mixing of section 4.5.4 experiment at 90% confidence. 
See Table 4.11 for dechlorination values.
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Root Mean Square Error 0.132559
Mean of Response 0.516471




Difference 0.195107 t Ratio 2.549319
Std Err Dif 0.076533 DF 10
Upper CL Dif 0.333819 Prob > |t| 0.0289
Lower CL Dif 0.056394 Prob > t 0.0144






Means for Oneway Anova
Level Number Mean Std Error 
MeOH 6 0.614024 0.05412
Water 6 0.418917 0.05412




























Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
MeOH Water 0.1951065 0.0563938 0.3338193 0.02889771
Figure A. 19. ANOVA for methanol and water comparison of section 4.6
experiment at 90% confidence. See Table 4.19 for dechlorination 
values.
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Root Mean Square Error
Mean of Response









Difference 0.32967 t Ratio 3.140042
Std Err Dif 0.10499 DF 2
Upper CL Dif 0.63623 Prob > |t| 0.0882
Lower CL Dif 0.02310 Prob > t 0.0441 -a.
Confidence 0.9 Prob<t 0.9559 -0.4
Analysis of Variance
Source DF Sum of Squares Mean Square
Solvent 1 0.10868074 0.108681
Error 2 0.02204508 0.011023
F Ratio 
9.8599
Prob > F 
0.0882
C. Total 3 0.13072582
Means for Oneway Anova
Level Number Mean Std Error Lower 90% Upper 90%
MeOH 2 0.684236 0.07424 0.46746 0.9010
Water 2 0.354569 0.07424 0.13779 0.5713
Std Error uses a pooled estimate of error variance 
Means Comparisons 






Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
MeOH Water 0.3296676 0.0231033 0.6362319 0.0882084!
Figure A.20. ANOVA for 0.05 g Mg/Pd comparison between methanol and water 
of section 4.6 experiment at 90% confidence. See Table 4.19 for 
dechlorination values.
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Root Mean Square Error 0.144695
Mean of Response 0.418917



















Prob > F 
0.6099
Means for Oneway Anova
Level Number Mean Std Error
0.05 2 0.354569 0.10231
0.1 2 0.396081 0.10231
0.5 2 0.506103 0.10231




Std Error uses a pooled estimate of error variance 
Means Comparisons 







Levels not connected by same letter are :
Level - Level Difference Lower CL
0.5 0.05 0.1515341 0.1115012
0.5 0.1 0.1100218 0.0699889









Figure A.21. ANOVA for samples with water between different Mg/Pd doses of 
section 4.6 experiment at 20% confidence. See Table 4.19 for 
dechlorination values.
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Root Mean Square Error 0.144695
Mean of Response 0.418917
Observations (or Sum Wgts) 6
Analysis of Variance
Source DF Sum of Squares Mean Square
Mg/Pd 2 0.02452710 0.012264
Error 3 0.06281012 0.020937
C. Total 5 0.08733721
Means for Oneway Anova
F Ratio 
0.5857




Level Number Mean Std Error Lower 62% Upper 62%
0.05 2 0.354569 0.10231 0.24949 0.45964
0.1 2 0.396081 0.10231 0.29101
0.5 2 0.506103 0.10231 0.40103
Std Error uses a pooled estimate of error variance 
Means Comparisons 







0.1 A B 0.39608078
0.05 B 0.35456852
Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
0.5 0.05 0.1515341 0.002936 0.3001317 0.3719168
0.5 0.1 0.1100218 -0.038576 0.2586194 0.5023327
0.1 0.05 0.0415123 -0.107085 0.1901099 0.7928670
Figure A.22. ANOVA for samples with water between different Mg/Pd doses of 
section 4.6 experiment at 62% confidence. See Table 4.19 for 
dechlorination values.
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Root Mean Square Error 0.144695
Mean of Response 0.418917
Observations (or Sum Wgts) 6
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio Prob > F
Mg/Pd 2 0.02452710 0.012264 0.5857 0.6099
Error 3 0.06281012 0.020937
C. Total 5 0.08733721
Means for Oneway Anova
Level Number Mean Std Error Lower 49% Upper 49%
0.05 2 0.354569 0.10231 0.27828 0.43086
0.1 2 0.396081 0.10231 0.31979 0.47237
0.5 2 0.506103 0.10231 0.42981 0.58239
Std Error uses a pooled estimate of error variance
Means Comparisons




0.5 A 0.50610260 
0.1 B 0.39608078
0.05 B 0.35456852
Levels not connected by same letter are significantly different
Level - Level Difference Lower CL Upper CL p-Value
0.5 0.05 0.1515341 0.043646 0.2594223 0.3719168 ✓  '  I X
0.5 0.1 0.1100218 0.002134 0.2179100 0.5023327 ' I
0.1 0.05 0.0415123 -0.066376 0.1494005 0.7928670 I I I
Figure A.23. ANOVA for samples with water between different Mg/Pd doses of 
section 4.6 experiment at 49% confidence. See Table 4.19 for 
dechlorination values.
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